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ABSTRACT 



Macrocyclic derivatives of 1,4,7, lO-tetraazacyclodo- 
decane of general formula (I) hereinbelow, wherein A is 
a group of formula (II) hereinbelow, in which R is H or 
alky] or optionally substituted benzyl or a 
H(OCH2CH2)i^ Me(OCH2CH2)i-i., or Et- 
(OCH2CH2)i-4.group, X or O— Ri, in which Ri is H or 
alkyl, hydroxyalkyl, alkoxyalkyl, alkoxyhydroxyalkyl 
or a polyoxaalkyl group or X is —NR2R31 in which R2 
and R3 are H or alkyl, hydroxyalkyl, alkoxyalkyl or 
alkoxyhydroxyalkyl, and Bi, B2 and Bs have the same 
ineanings as A or are H or a group of formula (III) 
hereinbelow, in which R4 is H or aUcyl, Y is a O— R^ 
group, wherein R^ is H or alkyl, hydroxyalkyl. alkox- 
yalkyl. alkoxyhydroxyalkyl or a polyoxaalkyl group, or 
Y is a — NRsRt group, wherein R* and R7 arc H or 
alkyl, hydroxyalkyl, alkoxyalkyl. or alkoxyhydroxyal- 
kyl, said derivatives optionally being salified, and the 
complex salts thereof, are used as pharmaceuticals 
and/or diagnosic agents. 
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MACROCYCXIC CHELATING AGENTS AND 
CHELATES THEREOF 

This application is the U.S. national phase of PCT 
Application No. PCT/EP88/On66 filed Dec. 16, 1988 
which was based on Italian Patent Application No. 
23217 A/87, which was filed on Dec. 24, 1987 and is also 
a Continuation-in-Part Application of U.S. Ser. No. 
002,115 which was filed Jan. 12, 1987, now U.S. Pat. 
No. 4,916,246. 

The present invention relates to novel macrocyclic 
chelating agents deriving from 1,4,7, 10-tetraazacy- 
clododecane of general formula I 



10 



B3— N 



r 



N 

J 



N— Bi 



wherein 
A is a group of formula 



CHj— O— R 



— CH 



\ 



CX)— X 



in which 



R7, which can be the same or different, are H or 
Ci-C6alkyl, hydroxyalkyl, alkoxyalkyi or alkox- 
yhydroxyalkyl groups having up to 5 hydroxy 
groups, 

said derivatives being, if necessary, salified with suit- 
able organic or inorganic bases, 
and the complex salts of the abovesaid chelating 
agents with suitable metal ions in the acid, basic or 
neutral form or, if necessary, neutralized with inor- 
ganic or organic acid or base ions, and eventually 
chemically conjugated with macromolecules or 
incorporated in suitable carriers. 
The present invention also relates to the preparation 
of compounds of general formula I and of the complex 
salts thereof, to their uses and, when indicated, to the 
pharmaceutical and diagnostic compositions thereof. 

The chelating compounds of the present invention 
and the complex salts thereof can have a wide range of 
applications. No limiting examples of use of said chelat- 
ing agents are the recovery, separation, selective extrac- 
tion of metal ions even at very low concentrations, their 
therapeutical use as detoxifying agents in cases of inad- 
vertent bodily incorx>oration of metals or radioisotopes, 
25 their use as ion carriers, or the other ones apparent to 
those skilled in the art. In such uses the chelating agents 
may be used directly or often they have been bonded 
covalently or non-covalently to macromolecules or 
insoluble surfaces or have been otherwise incorporated 
30 into structures that can carry them to specific sites. 
In particular the complex salts of the chelating agents 
of formula I with the metal ions of the elements with 
atomic numbers of 20 to 3 1, 39, 42, 43, 44, 49 or 57 to 83 
and, optionally, salified by physiologically biocompati- 



15 



20 



R is H or a C1-C5 straight or branched alky] group, 35 ble ions of organic or inorganic acids or organic or 



or a benzyl group which can be mono- or poly- 
substituted on the aromatic ring by halogen, 
hydroxy, carboxy, carbamoyl, alkoxycarbonyl, 
sulphamoyl, lower alkyl, lower hydroxyalkyl, 



inorganic bases or aminoacids, are surprisingly suitable 
for use as contrast agents in medical diagnosis in nuclear 
medicine and in N.M.R., E.S.R., X-xay and/or ultra- 
sonic diagnosis. Said derivatives, for the purpose of 



amino, acylamino, acyl, hydroxyacyl groups, or 40 optimal diagnostic use. can also be bound or incorpo- 



a group of formula H(OCH2CH2)i-4-> Me- 
(OCH2CH2)i-4-, or Et(OCH2CH2)i-4-, 
X is a Ri group in which Ri is H or a C1-C5 
alky], hydroxyalkyl, alkoxyalkyi, alkoxyhy- 
droxyalkyl group, or a polyoxaalkyl group hav- 45 
ing 1 to 15 oxygen atoms and 3 to 45 carbon 
atoms, or X is a — NR2R3 group in which R2 and 
R31 which can be the same or different, are 
Ci-Q alkyl, hydroxyalkyl, alkoxyalkyi or alkox- 
ybydroxyalkyl groups having up to 5 hydroxy 50 
groups and 

Bi, B2 and 83, which can be the same or different, 
have the same meaning as A or they are H or a 
group of formula 



-CH 



\ 
CX)— Y 

in which 

R4 is H or a Ci-Cs straight or branched alkyl. 
group, . 

Y is a O— R5 group in which R5 is H or a C1-C3 
alkyl, hydroxyalkyl, alkoxyalkyi, alkoxyhy- 
droxyalkyl group, or a polyoxaalkyl group hav- 
ing 1 to 15 oxygen atoms and 3 to 45 carbon 
atoms, or Y is a — NR^R? group in which Re and 



rated covalently or non-covalently into biomolecules, 
macromolecules or molecular aggregates characterized 
in that they can selectively concentrate in the organ or 
in the tissue under examination. 

The imaging of internal structures of living subjects is 
becoming more and more relevant in medicid diagnosis. 

Among the most recent techniques, the use of radio- 
isotopes as internal tracers in the organism should be 
mentioned. One of the biggest problems connected with 
the use of radioisotopes is their selectivity of distribu- 
tion, while another important aspect is their excretion in 
an acceptable time. 

Another imaging technique concerns with the use of 
ultrasounds to measure the difference in the reflections 
at the interfaces between tissues of different density. 
The administration of a suitable amount of a dense non- 
radioactive element or metal ion can give such a differ- 
ence in reflectivity that can emphasize even small other- 
£0 wise non detectable lesions. 

A third diagnostic technique uses nuclear magnetic 
. resonance to create internal images of the human body. 
In this field, the development of contrast agents is of 
particular importance for the following reasons: 
65 a) to improve the specificity of the diagnosis, 

b) to identify at an earlier stage small lesions, 

c) to more precisely define the extension of a tumoral 
mass. 
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d) to improve the signal to noise ratio and to shorten To overcome these difliculties, the problem has been 
the time of acquisition of the images, allowing also approached in many ways among which the most inter- 
better use of the instruments, esting are: 

e) to increase the contrast between those contiguous a) Other chelating agents have been studied, in partic- 
areas (for instance abdominal or pelvic) where it is 5 ular macrocyclic ones, of which the most effective 
particularly difficult to obtain well defined images, proved to be 1,4,7, 10-tetraazacyciododecane- 

0 to obtain good informations on blood flow and on N,N',N",N"'-tetraacetic acid' (DOTA). However 

tissue perfusion. its complexes continue to present problems analp- 

As far as regards N.M .R. diagnosis, contrast media gous to the ones of DTP A. 

containing paramagnetic complex salts of lanthanides 10 b) Gadolinium and its chelating agents have been 

and transition metals have already been claimed for chemically conjugated to macromolecules such as, 

instance in patents EP 71564, U-S. Pat Nos. 4,647,447, for instance, proteins (albumin, etc.), immunoglob- 

4,687,658, 4,639,365, 4,678,667 and in patent applica- uij^s, or to cellulose or other polymeric matrices, 

tions DE 3401052, EP-A 135125, EP-A 130934. DE on the one hand this generally improved the relax- 

3324236, EP-A 124766. EP-A 165728. WO 87/02893. 15 i^^y of Gd. but on the other hand it was neccssar- 

EP-A 230893. EP-A 255471. EP-A 232751, EP-A Uy accompanied by a sub-optimal dosage, because 

292689. EP.A 287465. WO 87/06229, WO 89/01475. of limitationTin solubility, toxicity andSc substitu- 

wo 89/01476. (Jqji (iQg.ity of jjie macromolecules. Furthermore, 

However all the tiU now developed contrast agents ^ the chekting agents 

for N.M.R. present some problems as far as regards 20 |, used to form the chemical hood with the macro- 

their capadty of influencing the relaxation time of the nolecnle. there is also normally a reduction in the 

atomic nuclei mvolved. their often uisufGcient selecdv. ^^jj. ^ resuWna complex, 

ity in bonding the metal ion, their stabihty. their selec- ^^^^ of formida I have shown an 

dNaty for Uie organ under exammation, or their biologi- ^^yent scavc^^g capacity for metal ions even in 

cal tolerabihty. The tendency of many comp exes to 25 rsignificant example of said 

exchange the central metal ion with trace-metals cssen- ^„ ,k. ♦».. ^.n+i ;«« f,««. 

tial to Uie organism or with ions, for example CbO+). prope^y « the capacity to «Pture the CuO+) ion from 

... . Y . 'y* > jfj gflueous solutions bv 2-ri.4.7.10-tetraa2a-4.7.10-tn(- 

Which m VIVO are present m rekdvely great amounte Sr£S^^thW>c?d^^ 

(sec on the subject P.M. May 'The present status of ^^^y^^^y^r^y^^^^^ ^"^t. f ^™>:**J*>:P*": 

chelating agents in Medicine", page 233). further limits 30 P«>mc acid, the method of synthesis of which is re- 

theirpossibilitiesofuse. Infact, incaseofinsufTicient ported m examples 2 and 3. . . 

stabiliityofthecomplex. the organism maybedeprived ^ith regards to their use m diagnosis, metal com- 

of trace-metals of vital importance and receive unde. . plexes with the chektmg agente object of Ae pr 

sired and toxic heavy metals such as Gd. Eu or Dy. invention have proved surprisingly satufymg for m- 

Although it is true that the toxicity of the complex is 35 ^^^e with respect to the requirements fpr an N.M.R. 

often, but not always, lower than the one of the free contrast agent. Among the complexes particuhir impor- 

paramagnetic ion. it is also true that the complexation ^^e is to be given to the complexes of Gd(3+). which 

usually brings a (decrease of the magnetic relaxation distmguish themselves for exceUent stebihty, relaxivity 

efficacy, responsible for some contrasting effects. selectivity for the organ or tissue under examina- 

Several unsolved problems in connection with an 40 ^^n* 
optimal contrast agent therefore still remain, chiefly These compounds have a wide field of application, 
concerning: a strong effect on the rcUwation time of the allowing administration by intravasal route (for exam- 
relevant nuclei, a high stability of the complex both in intravenous, intraarterial, intracoronaric, intravcn- 
solution and in the organism, an adequate water sblubU- tricular, ctc.X as well as intrathecal, intraperitoneal, 
ity, a specificity of distribution in the various parts of 45 intralymphatical, inUacavital and intraparenchymal 
the organism, a suitable rate of *>timm«fin« from the routes. Both the soluble and the pooriy soluble corn- 
involved organ and tissue. pounds are suitable for oral or enteral administration, 

One of the most studied paramagnetic metal ions is therefore of particular usefuhiess for visualization 

Gd(3+), in particular when complexed with the chelat- of the gastrointestinal tract For parenteral administra- 

ing agent diethylenetriamino-pentaacetic acid (DTP A) 50 tion they are preferably formulated as a sterile aqueous 

(Runge et al. (1983) Am. J. Radiol. V 141, p. 1209 and suspension or solution, whose pH can range for instance 

Weinman et al. (1984) Am. J. Radiol. V 142, p. 619). from 6.0 to 8.5. Said sterile aqueous suspensions or solu- 

Said complex salified with D(^)N-methyl-glucamine is tions can be administered in concentrations varying 

considered at the moment one of the most satisfying from 0.002 to 1.0 molar. 

from the point ofviewofactivity, toxicity and of ita use 35 Said, formulations, can also be lyophilized and sup- 
in general. plied as such, to be reconstituted at the moment of their 
However, in spite of these positive features, this com* use. For gastrointestinal use or for injection in body 
pound cannot yet be considered fully respondent to the cavities sa^ agents can be formulated as a suspension or 
characteristics of an optimal contrast agent for various a solution containing additives suitable for instance to 
reasons, among which for instance the fact that Gd- 60 increase viscosity. 

DTPA/N-Methyl-D-glucamine is too quickly removed For oral administration, they can be formulated ac- 

from the blood stream and from the lesions of the tissues cording to preparation methods commonly used in 

under examination. This reduces the time available for pharmaceutical technology, optionally also as a coated 

obtaining images significant from diagnostic point of formulation so as to have additional protection against 

view. Moreover the diffusion of the contrast agent be- 65 the acid pH of the stomach, preventing in that way the 

tween the healthy part and the diseased one is.often so release of the chelated metal ions which takes place in 

fast that the contrast between the two regions can be particular at the pH values typical of gastric juices, 

too weak. . Other excipients, such as sweetening or flavouring 
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agents, can be added according to known phannaceuti- R4 can preferably be hydrogen or straight or 

cal formulation techniques. branched lower alky], preferably methyl. 

Suspensions or solutions of complex salts can also be Non-limiting examples for R4 are the foUowing: hy- 

fonnulated as aerosols to be used in aerosol-bronchog- drogen, methyl, straight or branched propyl, butyl and 

raphy. S pentyl groups, as defmed in formula 1. 

Some of the complex compounds of the invention Y can preferably be a hydroxy group or a — O — Rs 

have a surprising organ specificity» in that they particu- group, in which R5 has the above defmed meanings of 

larly concentrate in the liver, in the spleen or,, after formula I. 

intralymphatic, intraparenchymal, intramuscular or Non limiting examples of R5 are the following: 

subcutaneous application, in the lymphatic vases and in 1^ methyl, ethyl, isopropyl, 2-hydroxyethyl, 2-hydroxy- 

the lymph nodes. The resulting contrast between the propyl, 1,3-dihydroxyisopropy], polyoxaalkyl groups, 

organ under examination and adjacent tissues permits Y can preferably be also a hydroxyalkylamino group 

improved imaging of said organ by N.M.R. of formula ~NR6R7 in which R^ and R7 have the above 

With regard to their use in diagnosis, metal com* mentioned meanings of formula 1. 

plexes of the chelating agents object of the present in- Non-limiting examples of said groups are the follow- 

vention can also be used as contrast agents in nuclear ing ones: 

medidoe and for electron spm resonance or echo- amino, 2-hydroxyethylamino-, 2-hydroxy- 

graphic analyses. propylamino-, 2,3-dihydroxypropylammo-l,3-dihy- 

In these cases however the metal central ions in the droxyisopropylamino-, l,3-dihydroxy-2-mediyl-iso- 

chelated complexes are, respectively, a radioisotope for propylaminos 2,3,4-trihydroxy-l-butylamino-, 1,3,4- 

example ^^Cr, ^a, ^i^In, ^"HTc, ^^°Ul, or a trihydroxy-2-butylamino-, l,3-dihydroxy-2-hydrox- 

non-radioisotope able to alter, owing to the density of ymethyl-isopropylamino-, N-methyl-N-2-hydroxye- 

its solutions, the speed of the ultrasonic waves transmit- thylamino-, N-methyl-N-2,3*dihydroxypropylamino-, 

ted and reflected. N-methyl N-l,3-dihydroxyisopropylamino-, N-methyl- 

In the compounds of general formula I, A is prefera- N-2,3,4,5,6-pentahydroxyhexylamino-, N-2-hydrox- 

bly a )3-hydroxy-a-propionic, /3-methoxy-a*propionic yethyl-N-2,3-dihydroxypropylamino-, N-2-hydroxyeth- 

or /3-benzyloxy-a-propionic group, optioiially esterificd yl-N- 1 ,3-dihydroxyisopropylamino-, N,N-bis-(2- 

or preferably substituted by an amide residue which can hydroxyethyl)amino-, N,N-bis-(2,3-dihydroxypropyl- 

be free, mono-or bi-substituted by alkyl, hydroxyalkyl, )amino-, N,N-bis-(l,3Hdihydroxyisopropyl)amino 

alkoxyalkyl or alkoxyhydroxyalky] groups. groups. 

R can preferably be H or a straight or branched alkyl Metal ions suited to form complex salts with the che- 

group, such as a methyl ethyl, propyl, isopropyl, butyl, lating agents of general formula I are mainly the di- or 

isobutyl group or a benzyl or a substituted benzyl group trivalent ions of the elements having atomic numbers 

as defined in formula I. 35 ranging from 20 to 31, 39, 42, 43, 44, 49, or from S7 to 

R can also be an acyl or hydroxyacyl group. 83 and particularly preferred are Fe('+), Fe(^+), 

R can also be a polyoxacthylene group of formula CuO+), Cr<^+), Gd(3+), EuO+), DyO+)or Mn(2+). 

H(OHCH2CH2)2-^-> Me(OCH2CH2}2-^->> o £t- Among the metal radioisotopes, particularly pre- 

(OCH2CH2)2-4-. ferred are 5iCr, «Ga, "Un, WmXc, i^OLa, i^^Yb. 

X can be a hydroxy group or also a ^O— Ri group, 40 Preferred inorganic acid anions comprise ions such as 

wherein Ri is as defined in formula I. chlorides, bromides, iodides or other ions such as sul- 

Non-limiting examples of Ri are the following: fate. Preferred organic acid anions comprise ions of 

methyl, ethyl, isopropyl, 2-hydroxyethyl, 2-hydroxy- acids which are generally pharmaceutically used to 

propyl, 1,3-dihydroxyisopropyl, polyoxaalkyl groups. salify basic substances, such as acetate, succinate, ci- 

X can preferably be also an hydroxyalkylamino 45 trate, fumarate, maleate. 

group of formula — NR2R3, in which R2 and R3 are as Preferred inorganic base cations comprise alkali 

defined in formula L Non-limiting examples of said metal ions, such as lithium, potassium and sodium, the 

groups are the following ones: latter being particularly preferred. 

amino-, 2-hydroxyethylamino-, 2-hydroxy- Preferred organic base cations comprise primary, 

propylamino-, 2,3-dihydroxypropylamino-, 1,3-dihy- 50 secondary and tertiary amines, such as etfaanolamine, 

droxyisopropylamino-t l,3-dihydroxy-2-methyl-iso- diethanolamine, morpholine, glucamine, N,N-dimethyl- 

propylamino-, 2,3,4-trihydroxy-l-butylamino-, 1,3,4- glucamine and N-methylglucamine, the latter being 

trihydroxy-2-butylamino-, l,3-dihydroxy-2-hydrox- preferred. 

ymethyl-isopropylamino-, N-methyi-N-2-hydroxye- Preferred amino acid cations comprise, for example, 

thylamino-, N-methyl-N-2,3-dihydroxypropylamino-, 53 those of lysine, arginine and ornithine. 

N-methyl-N-l,3-dihydroxyisopropylamino-, N-methyl- Non-limiting examples of the macromolecules suited 

N-2,3,4,S,6-pentahydroxyhexylamino-, N-2-hydrox- for conjugation with the chelate complexes of the in- 

yethyl-N-2,3-<iihydroxypropylamino-, N-2-hydroxyeth- . vention are the following: biomolecules, such as hor- 

yl-N-l,3-dihydroxyisopropylamino-, N,N-bis-(2- mones (insulin), prostaglandins, steroidal hormones, 

hydr6xyethyI)amino-, N,N-bis(2,3-dihydroxypropyl- 60 amino sugars, peptides, proteins (albumin, human serum 

)unino-, N,N-bis-(l,3-dihydroxyisopropyl)axnino albumin), lipids, antibodies such as monoclonal anttbod- 

groups. ies, polysaccharide chains. 

In compounds of general formula I, the Bi, B2, B3 The chelated complexes of the invention can also be 

groups preferably are an acetic or an a-propionic incorporated into liposomes, used in form of mono- or 

group, eventually esterified or substituted by an amido 6S multi-lamellar vesdcles. 

residue which can be in the free fonn or mono- or bi- The chelating agents of general formula I and the 

substituted by alkyl, hydroxyalkyl, alkoxyalkyl or al- complex salts thereof are preferably prepared by react- 

kozyhydroxyalkyl groups. ing 1,4,7, 10-tetraazacyclododecane (II), prepared ac- 
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cording to the method of Atkins et al. (JACS 96, 2268 fonn of a salt or an oxide, possibly in the presence of the 
(1974)), base or acid amounts necessary for neutralization. 

Condensation of II with III is carried out preferably 

rl^ . II in water or in a dipolar aprotic organic solvent, such as 

^ ^ dimethylformamide (DMF) or dimethylacctamide 

(DMAQ or in a mixture thereof, at a temperature from 
^ ^ 30* to 150* C. preferably from 40* to 100* C. 

I J Subsequent condensation of IV with VIII can be 

N — ^ effected in an aqueous medium or in an organic solvent, 

10 in the presence of an appropriate inorganic or organic 
with the desired a-halo-propionyl derivative ni base, such as sodium hydroxide, potassium hydroxide, 

potassium carbonate or tetrabutylaoimonium hydroxide 
R^p_CH2— CH-cx>— X ™ (TBAOH), at a pH ranging from 8 to 12, preferably 

I from 9 to 11. The temperature can range from 40* to 



Z 15 



100* C. preferably from 50* to 70* C. 



N N 



25 



VI 



whcreii. Z is halogen and R and X have the above ^JT^^' P«P«»tion of the metal complex salt is pref- 
defined meaiungs, to give the addition product IV ,"Tf* "7f^' °' " an appropriate water- 

^ ^ alcohol mixture, while the temperature can range from 

15' to 100* C, preferably from 40* to 80* C. 
R-o-CHa-CH-oo-x IV 20 ^^^^ ^ neccssary, of the 

neutralizing ion is strictly related to the use of the result- 
ing complex. 

EXAMPLE 1 

2-(l ,4,7, 10-tetraazacyclododecane- l-yI)-3-benzyloxy- 
propionic acid, trihydrochloride 

or the corresponding polysubstituted products on the l^Woro-S-bentyloxypropionate 

nitrogen atoms of II, depending on the excess of III 85 g of 2-ch]oro>3-benzy]oxypropionic acid (0.396 
used. Compound IV can also be obtained, for example, mol) were suspended in 550 ml of water and neutralized 
by protecting dicthylcnetriamine V with a suitable pro- to pH 7 with 10% sodium hydroxide. After stirring for 
tecting group P, wherein P can be, for example, a 15 min, the resulting aqueous solution was washed with 
phthaloyl group or another appropriate protective ethyl ether and evaporated to dryness under vacuum to 
group known in the literature (T. W. Greene: "Protec- give the desired compound. 

tive groups in organic synthesis"-1980), 35 ^ ^ ^ 2K:hloro.3.bcnzyloxypropionatc (0.383 

mol) were obtained^ 
Yield:. 96.7%; 

^ ^^^^-•nh^n' Elemental analysis: %calc.:C 50.75; H 4.26; a 14.98. 

^ ' ^ % found: C 50.68; H 4.33; CI 14.89. 

B) 

by alkylating the resulting compound VI with the 2-(l,4,7,10-tetraazacyclododecane-l-yI>3-ben2yloxy- 
proper halo-deriyative III propionic acid, trihydrochloride 

^5 A suspension of 17.2 g of 1,4,7, 10-tetraazacyclodo- 
CH2OR decane (0.1 mol) and of 71 g of sodium 2-chloro*3-ben- 

VI + in > (^''^-CH2-CH2)2N-CH^ YD zyloxypropionate (0.3 mol) in 70 ml of water was heated 

^"^^ \ to 50* C. for 24 h. The resulting solution was diluted to 

co-x 400 ml with water, dropped into 200 ml of 2N HQ, 

^ ^ - „ J . t- , . ^ 50 extracted several times with methylene chloride and 

and by finally condensing the resulnng product VII, ^ then was evaporated to dryness under vacuum. 
f^,/^'^^^''^ subsequent tosyhmon, with ^he crude residue was taken up into 400 ml of water 
tosyWiethanohiminc. and adsorbed on ambcrUte IR 120, from which it was 

Compomid rv or the polj^ubstituted analogue ^ sodium hydroxide. By conccn- 

thereof can m turn be subjected to condensation with /r^Twl.;! -»o "y"»^"«ac. ay conccn 

the appropriate a-halo^tic derivative Vin, or with a 55 basic cluate 29 g of a residue were ob- 

suitable precursor thereof (such as an ester o^ a nitrile). "^"^^^^^ ^^""^ ^.?L°^ *^!!!f 

^ ^' nol at 60* C; the solution was acidified with 200 ml of 

6N HCl/EtOH and the resulting precipitate was stirred 
at 60* C for 1 h. After cooling, the solid was filtered 
R4-CH-C0-?-Y ^ 60 and dried to give the desired compound. 33.5 g of 2- 

z (l,4»7,10-tetr8azacyclododecane-l-yl>3-benzyloxypro- 

pionic acid, trihydrochloride (0.0729 mol) were ob- 
wherein Z is halogen and R4 and Y have the above tained. 

defined meanings, to give the desired chelating agente Yield: 72.9%; m.p. 22r-224' C. 

of general formula I. 65 Titres: (NaOH): 96,9%; (AgNOs): 99.0%. 

Finally, chelation of the desired metal ion is obtained Elemental analysis: % calc: C 47.01; H 7.23; CI 23.13; 
preferably by reacting the appropriate derivative of N 12.18; % found: C 47.13; H 7.32; CI 22,92; N 12.09; 
formula I with the stoichiometric amount of metal, in TLC: Support: silica gel plate (Merck G60) 
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euent:CHCl3:AcOH;H20= 5:5:1 15.3 g of 2-[1.4,7.10-tetraa2aA7,lO-tri(carboxyme- 

Developen 02+o-Toluidine tby])-cyclododecane-l-yl]-3-benzyloxypropioiuc acid 

Rfs=0.35 (0.029 mol) were obtained. 
1H-NMR> i^ONMR and IR spectra agreed with the Yield: 58.4%; m.p.: 173' C with dec. 
indicated structure. 5 Titre: (NaOH): 99.6%; (ZnS04): 99.5%; (HPLQ: 

99.0%. 

EXAMPLE 2 Elemental analysis: % calc: C 54.95; H 6.92; N 10.68. 

2-[l A7,iatetraa2a-7-(l-carboxy-2-benzyloxy-ethyl)- "^o found: C 54.77; H 6.96; N 10.77. 

cydododccane-l-ylJ-S-benzylGxypropionic acid . >H-NMR, "C-NMR and IR spectra agreed with the 

10 indicated structure. 

A solution of 12 g of l»4,7,i0-tetraazacyclododecane 

(0.069 mol) and 82.32 g of sodium 2<hloro-3-benzylox- EXAMPLE 4 

ypropionate (0.348 mol), obtained according to the 2-Il,4J.10-tetraaza-4,7.10.tri(carboxymethyl)-cyclodo- 

process described in example 1-A, in 120 ml of DMF decane-l.yl]-3.benzyloxypropionic acid (Method B) 

wasplacedinasealedvessdandheated to50'C.for30 15 , i^j 
^ ^ A mixture of 10 g of 2-(l, 4.7.1 0-tctraazacyclododec- 

'Xhe salt formed was fUtered and the solvent was ane.Nyl).3.benzylox^^^^^ acid (0028 mol). ob- 

^{.^11^ ««■ ^MAn^mA .^.^^ccrA Ti,* *-ci^..« «,oc tamcd according to the process descnbcd m example 1 
distilled off under reduced pr«sure The r^«ewas ^ formation of the hydrochloride, and 15.57 g 

^^"'.lifm^l^^^^M "^^^^^^^ ofbromoaceticacid(0.112mol)in60mlofwaterwi^ 
" the mature was 20 ^ ^^^^ ^ ^ ^ 

extracted with four 50 ml portions of methylene chlo- compound. 

. , ^ ^ , ^ 7.93 g of 2-ri,4,7,10-tetraaza-4,7,10-tri(carboxyme- 

The orgamc phase was evaporated to dryness an^ the thyl>cyclododecane.l-yl].3-ben2yloxypropionic acid 

residue was dissolved m 200 ml of 0.01N HCl and (q oi5 mol) were obtained, 
washed with ethyl ether. ^.^^^^ ^^^^ ^ ^ 169'-172* C. with dec. 

The pH was adjusted to 6 with 10% sodium hydrox- yxXtc: (NaOH): 99.3%; (ZnS04): 99.5%. 
ide and the aqueous solution was evaporated to dryness. Elemental analysis: % calc: C 54.95; H 6.92; N 10.68. 

The crude residue was taken up into 30 ml of water and % found: C 54.71; H 7.00; N 10.64. 
adsorbed on amberlite IR 120, from which it was eluted ^ The other chemico-physical characteristics agreed 

with 5N ammonium hydroxide. with the ones of the compound obtained according to 

By ooncentratioh of the basic eluate, a residue of 7 g method A (example 3). 
was obtained, which was crystallized from water. Analogously, the following compounds were ob* 

5.85 g of 2-[l,4,7,10-tetraaza-7(l-carboxy-2-benzylox- tained: 

yethyl)-cyclododecane-l-yl]-3-benzyloxypropionic 35 2-[l,4.7.10-tetraa2a-4,7,10-tri(l-carboxy-cthyl)-cyclodo- 
acid (0.011 mol) were obtained. decane-l-yl]-3-benzyloxypropionic acid. 

Yield: 16%; m.p.: 170'-175' C. 2-[l,4,7,10-tetraaza-4-(l-carboxy-2-ben2yloxy-ethyl)- 

Elemental analysis: % calc: C 63.61; H 7.63; N 10.60. 7.10Kli(carboxymethyl)-cyclododccane-l-yll.3-ben- 
% found: C 63.48; H 7.82; N 10.51. zyloxypropionic acid. 

Analogously, the following compounds were ob- 40 2-[1.4.7,10-tetraaza-7-(l-carboxy-2-benzyloxy-ethyl)- 
tnino/i ? 7,10^(carboxymethyl)-cyclododecane-l-yl]-3-ben- 
2-[l,4,7,10-tetraaza-4-(l<arboxy.2-benzyloxy-ethyl)- zyloxypropionic acid. 

cyclododecane.l.yl>3.benzyloxypropionic acid; 2.[l,4.7.iatetraaza-4,7^i(l^boxy.2-^^^ 
2.[1.4,7.10-tetraaza-4,7-di(l-carboxy-2-benzyloxy- ethyl)10^boxymcAylK!yclododecane4.yl^3.^^ 

ethyl)cyclododecane-l-yll-3-benzyloxypropiomc 45 zywxypropiomc acid. 

acid- EXAMPLE 5 

EXAMPLE 3 p(-)-N-methylglucamme salt of the 

2.[1.4.7.10.tetraa2a4.7,10-tri(carboxymethyl)<yclodo. OdO^\/W.^^^ 

decane.l.yll-3.benzyloxypropionic acid (Method A) 50 cyclododecane-l.yl]^^^^^^ acid 

To a suspension of 23 g of 2<1,4 7,10-tetr^cy. To a suspension of 100 g of 2-[ 1.4,7. 10.tetraazaA7. 10- 

clododecane-l.yl)-3-bcnzyloxypropiomc acid tnhydro- tri(airi»xra 

chloride (0.05 mol) obtained according to the proc^ propionic^^id (0.19 mol). obtained aLiS^ to the 

descnbed m exm^^ 55 process described in example 3, in 150 ml of water 36.6 

(0.2 moO m 100 m^^of water about 60 ml of 6N sodium of D(-)-N.methylglucamine (0.187 mol) were added, 

hydroxide were added, und^ stimng. to reach pH«ia i9.47gof Gd203 (0.095 mol) were added to the solution 

The mixture was h«ited to 50 C. for 17 h and the pH and the resulting suspension was heated to 50* C for 4 

was kept at 10 by further additions of 6N sodium hy- ^qj^ ihc reaction mixture was filtered and the pH 

drozide. ^ ^as adjusted to 6.5 by means of a 10% aqueous D(-)^ 

The solution was cooled and applied to amberUteIR N-methylglucamine solution. The resulting solution 

120, from which the product was eluted with 5N ammo- was then evaporated and dried to give the desired com- 

nium hydroxide. The basic eluate was evaporated to pound. 

dryness, the resulting crude compound was dissolved in 159 g of D(-)-N-methylglucamine salt of the 

water and the solution was acidified to pH 3 with 5N 65 Gd(^'**)/2-[l,4,7,10-tetraa2a-4,7,10-tri{carboxymethyl). 

HQ. cyclododecane*l*yl]-3-benzyloxypropionic acid com- 

The precipitate was filtered and crystallized from plex (0.182 mol) were obtained, 
water to give the desired compound. Yield: 95.8%; m.p.: 137* C 
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Titre: (HPLC): 99.3%. EXAMPT F 7 

Elemental analysis: % calc: C 42.56; H 5.76; Gd . fiAAMri.t f 

17.99; N 8.01. % found: C 42.42; H 5.96; Gd 17.63; N 2-(1.4,7,10-tctraazacyclododecane-l-yl).3-benzyloxy. 

7.92. N-(l,3-dihydroxyisopropyl)-propionaniide 

[a]36520= - 15.36*; [a]436^= - 1 1.22*; ^ 3-benzyloxy-2-chloropropionylchloridc 

[a]^^o 6,r^^^^^^ 119 g of thionyl chloride (1 mol) were added drop. 

>^alogously, the foUowmg compounds were ob- ^ 3 ^ 3.benzyloV2-chloropropionic acid 

f, ^ - t/. ^ ^ , ^ ,x (0-5 niol) *t 30* C. After rcflujung the reaction mixture 

Dy<3+)/2.[l A7.1(^tetoijaa-4J^^ 2 h, 33 g additional thionyl chloride (0.277 mol) 

cyclododecane.1 -y^^^^ aad salt ^ j,^^ „^^hcr 30 
of D(— )-N.methylglucanune, obtamed with DyjOj. 

La<5-H)/2-[l,4,7,l(Vtetraaza-4,7.10-tri(carboxymethyl)- Excess thionyl chloride was distilled off under re- 

cyclododecane-l-yl]-3.bcnzyloxypropionic acid salt duced pressure and the desired compound was distilled 

of D(— )-N'methylglucamine» obtained with LaaOj. is under vacuum. 

yb(3+)/2.[l,4,7,10-tctraaza-4,7,ia-tri(carboxymethyl)- 95.8 g of . 3-bcnryloxy-2<hloropropionylcUoride 
cyclododecane-l*yl]-3-benzyloxypropionic acid salt (0.41 mol) were obtained, 

of D(->N-methylglucamine, obtained with YbaOs. Yield: 82%; b.p.: 125'-13r C; 0.05 mbar. 

cvAu^oT T? £ Titre: (reduction with Zn): 99.9%. (Argentometric): 

EXAMPLE 6 20 96.0%. 

D(~->N-methylglucamine salt of Elemental analysis: % calc: C 51.53%; H 4.32%; CI 

Gd(3+)/2-[l,4J.10.tetraara4J,IO-tri(carboxymethyl)- 30.42%. % found: C 51.30%; H 4.46%; CI 29.48%. 

cyclododecane-l.yl].3-hydroxypropionic acid complex ^H-NMR, l^C-NMR and IR spectra agreed with the 

A solution of 92 g of D(->.N.methylglucamine salt 25 '^^^^^ structure, 

of Gd<3+)/2-[l,4,7,10.tetraaza-4,7,10-tri(carboxyme- B) 

thyl)-cyclododecane-l-yl]-3-benzyloxypropionic acid 2-Chloro-3-benzyloxy-N-(l,3-dihydroxyisopropyl)-pro- 

complex (0.105 mol), obtained according to the process pionamide 

described in example 5. in 550 ml of water, to which 153 ^ ^^^^^^ 70 g of 3.berixyloxy-2-chIoropropionyl. 
g of 5% palladium on charcoal had been added, was 30 chloride (0.3 mol) in 150 ml of tetrahydrofuran was 

hydrogenated for 5 h at room temperature. ^^ded dropwise during about 2 h to a solution of 32.6 g 

The catalyst was removed by filtration and the aque- of 2-amino-l,3-dihydroxyisopropane (0.36 mol) in 150 

ous solution was evaporated under vacuum at 50* C. mi of water and 250 ml of tetrahydrofuran. During the 

Upon drying the residue to constant weight, the desired addition of the chloride, the pH of the solution was kept 

debenzylated compound was obtained. constant at 10 by addition of 6N sodium hydroxide. 

67 g of D(-)-N-methylglucamine salt of Gd(3+)/2- To the reaction mixture 250 ml of water were added. 

(I,4,7,10-tetraa2a-4,7,10-tri(carboxymethyl)-cyclodo- Upon concentration to 450 ml a white product precipi- 

decane-l-yl]-3-hydroxypropionic acid complex (0.084 tated, which was filtered and crystallized from water, 

mol) were obtained. ^ after treatment with Carbopuron 4N to give the desired 

Yield: 80%; in.p.: 180' C. (dec.). compound. 

Elemental analysis: % calc: C 36.77; H 5.65; Gd 62.2 g of 2-chloro-3-benzyloxy-N-(1.3-dihydroxyiso- 

20.06; N 8.93. % found: C 36.47; H 5,47; Gd 20.29; N propyl).propionamide (0.218 mol) were obtained. 

8,83. Yield: 72.6%; m.p.: 133*-135' C. 

[a]36320== - 16.7'; [a]A36^^-- - 1 1.2*; [a]$^^^ -6.7*; 45 Titre: (Argentometric): 99.8%. 

[a]589^— —5.8* (C==5% H2O). Elemental analysis: % calc: C 54.27; H 6.30; CI 12.32; 

Analogously, the following compounds were ob- N 4.87. % found: C 54.19; H 6.38; Q 12.24; N 4.84; H2O 
tained: 

2-(l,4,7,10.tetraazacyclododecane-l-yl).3.hydroxypro- ^^^[^'(Vr. .... 

pionic acid. 50. *H-NMR, "ONMR and IR spectra agreed with the 

2-[l,4,7,10-tctraaza.4.(lK»rt)Oxy-2.hydroxy<thyl)- indicated structure. 

cyclododecane-l*yl]-3-hydroxypropionic acid. C) 

2-[l,4.7.10-tetraara.7-(l-carboxy-2-hydroxy-ethyl)- 2-<l,4,7,10-tetraaiacyclododecane-l-yl>3-benzyloxy- 

cyclododecane-l-yl]r3-hydroxypropionic add. N-<l,l-dihydroxyi8opropyl>propionamide, 

2*[l,4,7,10-tetraaza-4,7Hii(l-carboxy-2-hydroxy-ethyl)- trihydrochloride 

. l7f?^f^^^jS:^'^^^ "SV 51.6 g of 1.4,7.10.tetraaxacyclododecane (0.3 mol) 

?f ?" ^ 258^5 « 2<hloro.3.beniyloxy.NK1.3^ydrox. 

7.1Ckii(carboxymethyl><:y^^ yisopropyl>propionamide (0.9 mol), obtained accord- 

^ n^Al''^F'?^''''^% . V IX « ^« described in example 7B, were re- 

2.[l,4.7.10-tetraa2a-7<l^carboxy-2-hydroxy<thyl> yp. q in DMF for 24 h. 

4.10Kii(carboxymethyl)<yclododecane.l-yl^3- After evaporation of the solvent under vacuum, the 

hydroxypropionic acid. residue was taken up in water and adsorbed on an ion 

2-tl,4,7,10.tetraara4,7^(l<arboxy.2.hydroxy^thyl): exchange resin IR 120, from which it was eluted by 

10-carboxymethyl-cyclododecane-l-yl]-3-hydroxy- 6$ means of 5N ammonium hydroxide. 

propionic acid. The ammonia solution was evaporated to dryness and 

2-[l,4,7,10-tctraaza-4,7,10-tri(carboxymcthyl)-cyclodo- the residue was Uansformed into the corresponding 

decane-l*yl]*3-hydroxypropionic acid. trihydrochloride, as described in example 1. 
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63.84 g of 2-(lA7,10-tetraa2acyclododccane-l-yl)-3- 
ben2yloxy-N-( 1 ,3-dihydroxyisopropy l)-propionamide, 
trihydrochloiide (0.120 mol) were obtained. 

Tield: 40.0%; m.p.: 125* C. (dec.). 

Elemental analysis: % calci .C 47.33; H 7.56; O 19.96; 
N 13.14. % found: C 47.41; H 7.68; CI 19.85; N 13.08. 

HPLC: 97.6%. 

Analogously, the following compounds were ob- 
tained: 

2-(l,4,7,10-tetraa2acyclododecane- l-yl)-3-bcn2yloxy- 

propionamide. 
I'ilAJA 0-tetraazacyclododecane- 1 -y l>3-benzy loxy- 

N-(2-hydroxyethyl>propionamide. 
2-(l,4,7, 10-tetraazacyclododecane- l-yI)-3*benzyloxy- 

N*(2,3-dihydroxypropy])-propionamide. 
2-(l,4,7,10-tetraazacycIododecane-l-yl)-3-benzyloxy- 

N,Nrdi(2-hydroxyethyl)-propionamide. 

EXAMPLES 

2-[lA7,10-tctraa2a-4,7,10-tii(carboxymethyl>cyclodo- 
decane- l-yl-]-3-benzyloxy-N-< 1 ,3-dihydroxyisopropyl)- 
propionamide. 

A mixture of 16 g of 2-(lA7,10-tetraazacyclododec- 
ane- 1 •yl)-3-benzyloxy-N-(l ,3-dihydroxyisopropyl)-pro- 
pionamide (0.038 mol), obtained according to the pro* 
cess described in example 7, and of 21.13 g of bromoa- 
cetic acid (0. 1 52 mol) in 1(X) ml of water was reacted by 
the same process as described in example 3, to give the 
desired compound. 

12.4 g of 2-tl.4,7.10-tetraaza-4.7,10-tri(carboxyme- 
thyl)<yclododecane-l -yl]-3-benzyloxy-N-( 1 ,3-dihy- 
droxyisopropyl)-propionamide (0.0207 mol) were ob- 
tained. 

Yield: 54.4%; m.p.: 137* C. (dec.). 
Titrc: NaOH) 98.8%. 

Elemental analysis: % calc: C 53.98; H 7.72; N 11.66. 
% found: C 53.91; H 7.85; N 11.59. 

Analogously, the following compounds were ob- 
tained: 

2-[l ,4,7, 10-tetraa2a-4,7, 10-tri(carboxymethyl)-cyclodo- 

decane- 1 -yl]-3-benzyloxy-propionamide. 
2-[l,4,7,10-tetraa2a-4.7,10-tri(carboxymethyl)-cyclodo- 

decane-l-yl]-3-benzyloxy-N-(2-hydroxyethyl)-pro- 

pionamide. 

2-Il,4,7,10-tetraaza-4,7,10-tri(carboxymethyl>cyclodo- 

decane-l-yl]-3-benzyloxy-N*(2,3-dihydroxypropyI> 

propiohamide. 
2-Il,4,7,10-tctraaza-4,7,10-tri(carboxymcthyl)<yclodo- 

decane-l-yl]-3-benzyloxy-N,N-di(2-hydroxyethyl)- 

propionamide. 

EXAMPLE 9 

Od(5+)/2-Il ,4.7, lO-tctraaza-4,7, 10-tri(carboxymethyl)- 
cyclododecane-i-yl]-3-benzyloxy-N-(l,3-dihydroxyiso- 
propyl)-propionamide 

^ To a suspension of 8 g of 2*[l,4,7,10'tetraaza<4,7,10- 
tri(caxboxymethyl)-cyclododecane-l-yI]-3-benzyloxy- 
N-(l,3-dihydroxyi80propyl)-propionamide (0.013 molX 60 
obtained according to the process described in example 
8, in 30 ml of water 1.33 g of GdiOa (0.0065 mol) were 
added and the mixture was reacted et 50* C. according 
to the procedure of example 5. 

The resulting solution was evaporated to dryness to 65 F) pH: 
give the desired product. 

9 g of GdC3+)/2-[1.4,7,10-tctraaza-4,7,10-tri{carbox. 

ymethyl)-cyclododecane-l*yl]-3-benzyloxy*N-(li3- 
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dihydroxyisopropyl)-propionamide (0.012 mol) were 
obtained. 
Yield: 92.3%. 

Elemental analysis: % calc: C 42.95; H 5.74; N 9.28. 
% found: C 42.87; H 5.80; N 9.23. 
HPLC: 97.5%. 

EXAMPLE 10 

Gd(3+)/2-[lA7,10-tetraaza-4,7,10-tri(carboxymethyl)- 
cyclododecane- 1 •yl]-3-hydroxy-N-(l ,3-dihydroxyiso- 
propyl)-propionamide 

. 9 g of GdC3+)/2.[l,4,7,10-tetraa2a-4,7,10-tri(carbox- 
ymethyl)-cyclododecane- l-yl]-3-benzyloxy-N-(l ,3- 
dihydroxyisopropyl)-propionamide (0.012 mol), ob- 
tained according to the process described in example 9, 
were dissolved in 60 ml of water. After addition of 15 g 
of 5% palladium on charcoal, the solution was hydroge- 
nated according to the procedure of example 6 to give 
the desired compound. 

6.22 g of Gd(3+)/2.[l,4,7,10-tetraaza-4,7,10-tri(car. 
boxymethyl)-cycIododecane»l*yl]-3-hydroxy-N-(l,3- 
dihydroxyisopropyl^propionamide (0.0096 mot) were 
obtained. 
Yield: 80%. 

Elemental analysis: % calc: C 36.13; H 5.61; N 10.53. 
% found: C 36.06; H 5.64; N 10.48. 

Analogously, the following compounds were ob- 
tained: 

2-(l,4,7,10-tetraazacyclododecane-l-yl)-3-hydroxy-pro- 
pionamide 

2-(l ,4,7, lO-tetraazacyclododecane- l-yl)-3-hydroxyrN- 

(2-hydroxyethyl)-propionamide. 
2-(l ,4,7, 10-tetraazacyclododecane-l-yl>3-hydroxy-N- 

(2,3-dihydroxypropyl)-propionamide. 
2-(lf4f7,10-tetraazacyclododecane-l-yl>3-hydroxy- 

N,N-di-(2-hydroxymethy])-propionamide. 
2-[l,4,7,10-tetraaza-4,7, 10-tri(carboxymethyl)-cyclodo- 

decane-l*yl]-3<hydroxy-propionamide. 
2-[l ,4,7, 10-tetraa2a-4,7, 10-tri(carboxymcthyl)-cyclodo- 
decane-l-yl]-3-bydroxy-N-(2-hydroxyethyl)-pro- 
pionamide. 

2-[l,4,7,10-tetraara-4,7,10-tri(carboxymethyl)-cyclodo- 
decane-l-yl]-3-hydroxy-N-(2,3-dihydroxypropyl)- 
propionamide 
2-[l,4,7, 10-tetraa2a-4,7, 10-tri(carboxymethyl)-cyclodo- 
decane-l-yl]-3-hydroxy-N,N-di(2-hydroxyethylV 
propionamide. 

EXAMPLE 11 

Determination of the Relaxivity of the Compounds of 
the Present Invention 

Operative Conditions 



55 



Opermtive coaditions 



A) Appantus: 

B) Observados frequeDcy: 

C) Tanperituit: 



D) 



E) SolveDt: 



MINISPEC PC 120 (BRUKER) 
20 MHz (proton) 
39* C wiUi pre-thermottatization 
of ttLe NMRtesttobefor lOmin 
at the operative temperature 
in the range from 0 to S mM with the 
following specific measnriag points: 
0/ai/O.2/0L5/l.0/2.O/5.O mM 
0,1S4 M NaOH (a9%). water 
7.3» to be checked again 
poteotiometricaUy before the 
relaxation i 



8/30/05, EAST Version: 2. 0. 1.-4 



TABLE Il-continued 




LD30 ^ ^ mouse* 




in mmolAg • intrtveoous 


A 


8.8 (7.79-9.94) 


B 


13.1 (12.2-14.1) 


*aitle tod femile mk 


X were vied. Stnin: Cri.-CD10CR)BR 



5,132,409 

15 16 

Longitudinal relaxivity (R|) measurements were cal- 
culated using the "Inversion Recovery" sequence with 
an 8 point minimiim and a 3 parameter fit, according to 
the program provided for the MINISPEC 120 
BRUKER instrument, by which measurements were 
taken. 

Transverse relaxivity {R2) measurements were calcu- ..n.^ ^ 
lated using the sequence of Carr, Purccll, Mciboom and ^ - Giy»-^J/2^t,47Jo-trtT»ta4,7,io-tri(caifeoxyn)rtM>*^^ 

GiU, according to the program provided for the MINI- benryloiywopioiiic »dd, oeutnliied whb N-mcthylflucMmoe. 

SPEC 120 BRUKER instrument, by means of which 10 J,^;,.^!^^!'!^ 
measurements wiere taken, adjusting the apparatus in 

such a way as to observe the decay ofthe signal to about y^y^ jj ^^^^ ]^ ^ pharmacological test, 

i of the starting value, with a score number higher or gadolinium complexes with the macrocyclic chelating 

equal to 10 and a 2 parameter ^ ^ ^ agents of the invention have substantially decreased 

In table , R, and R2 vdu« calculau^or compounds ^^^^ ^ ^ ^^^h and GdylJTPA. 
A and B m comparison with Gd/DTPA neutralized 

with N-methylglucamine, are reported as non-limiting EXAMPLE 14. 

***™P^^' Preparation of a solution of D(— )-N-methylglucamine 

TABLE I 20 salt of 

GdC^-«")/2-[l,4,7,10-tctraaza4,7,10-tri(carboxymethyl)- 
cyclododecane-l-y]]-3-benzyloxypropionic acid 
complex 

^Zi^^^ r.T,\r . '/^'ril. ^1. IV iLZ. 1 436.8 g (0.500 mol) of the compound obtained ac- 

bcnzyioiypropioiuc acid, Dcutniizad with N-mettayigiucuune. cordmg to the procedure descnbcd m example S were 

B . Gi^i*^/2^wAQ^x.i»^ dissolved in 300 ml of pro iniectione (p.i.) water. The 

bydraxypropiomc ao^ neinnlued with ^^ffletfaylglllCilIli^ , . , , i jj« • e' 

•oeuinlixcd with N-nediylslocaame; R| iBd Rj vili» were SOlUtlOn VOlumC WaS taken tO 500 ml by addition Of 

out loivent. Water p.L, then the solution was filtered, put in vials and 

.30 sterilized. 





A 


B 


Gd/DTPA* 




(inM^)-> 


(mMj)-! 




Ri 


4.1S ± 0.01 


3.72 ± 0.01 


4.08 ± aoi 


R2 


5.67 ± 0.02 


S.06 ± 0.01 


5.15 ± 0.02 
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EXAMPLE 15 



, cyclododecane-l-yl]-3-hydroxypropiomc acid complex 

An anhydrous lipidic mixture was prepared, having ^ « ^ , . , . , 

the foUowing composition: egg phosphatidylcholine 75 398.8 g (0.500 mol) of the compound obtamed ac- 

mol % and cholesterol 25 mol % using the REV cording to the procedure descnbed m example 6, were 

method (F. Szoka et al„ (1978), Proc. Natl. Acad. Sci. 40 dissolved in 300 ml of water p.i. The solution volume 

U.S.A. 75,4194). was taken to 500 ml by addition of water p.i., then the 

400 mg of said mixture were dissolved in 35 ml of solution was filtered, put in vials and sterilized, 

chloroform to which 10 ml of a 0.05M solution of N* cvAiurPT p i^ 

methyl-D-glucaminc salt of GdO+)/2.[1.4,7.10-tet. tAAMri-t lo 

raaza-4,7,10-tri(carboxymethyl)-cyclododecane-l-yl]-3* 45 Preparation of a solution of D(— )-Nrmethylglucamine 

benzyloxyprbpionic complex acid were added dropwise salt of 

under sonication. When the addition was over, sonica- Gd(^+)/2-[l,4,7,10-tetraaza-4,7,10-tri(carboxymethyl)- 

tion was continued fpr 5 min, then the cnide compound cyclododecane-l-yl]-3-benzyloxypropionic acid 

was heated to 50* C. and the solvent was evaporated complex 

under vacuum. The resulting gelly residue was sus- 50 ,x i. j • t 

pended in a \% NaQ solution and freed from unincor-- ^18.4 g (0.250 mol) of the salt cited m eumple 14 

poratcd chelate by means of five consecutive ccntrifu- dissolved m 260 ml of water p.i., 0.6 g of ascorbic 

gations and resuspension steps (26.000 g/10 min). acid were added and the solution was diluted to 500 ml 

with water p.i. The solution was sterilized by filtration 

EXAMPLE 13 55 and put in vials. 

Determination of LDso in the Mouse by Intravenous EXAMPLE 17 

Administration of the Compounds of thc Prcsent iiAAMri.ii 

Invention Preparation of a solution of the 

In table II are reported, as non-limiting examples, the ^ ^ . D(->N-methylglucamine salt of 

LDso values for compounds A and B of the present ^ Gd(^+ /241A7,10-tetraaEaA7,10.tri(carbox^^^ 

invention, in comparison with GdCb and with cyclododecanc-l.yl]-3-bcnzyloxypropiomc acid 

Gd/DTPA neutralized with N-methylglucamine. complex 

TABLE II 219*^ S (0.250 mol) of the salt cited in example 14 

LD3(jiaUicmoMc' 65 Were dissolved in 200 ml of water p.i., 0.45 g of tromc- 

in mmolAg * intravenous thamine hydrochloride were added and the solution 

QdQj 0.28.(0.24-0.32) diluted to 500 ml with water p.i. The solution was 

Od/DTPA** . 4.8 (4.47-5.ie) filtered, put in vials and sterilized. 
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EXAMPLE 18 

Prq>aration of a solution of the 
D(— >N-methylglucamine salt of 
Gd(3+)/2-[l,4J, 10-tetraa2a-4,7, 10-tri(carboxymethyl)- 
cyclodo(lecane*l-yl]-3-hydroxypropionic acid complex 

199.4 g (0.2S0 moO of the salt cited in example 15 
were dissolved in 200 ml of water p.i., 0.6 g of ascorbic 
acid were added and the solution was diluted to 500 ml 
with water pX The solution was sterilized by filtration 
and put into vials. 

EXAMPLE 19 

Preparation of a solution of the 
D(— )*N*methylglucamine salt of 
Gd<3+)/2.[l,4,7,10-tetraaza-4,7,10-tri(carboxymethyl)- 
cyclododecane-l-yl]-3-hydroxypropionic acid complex 

199.4 g (0.250 mol) of the salt cited in example 15 
were dissolved in 200 ml of water p.i., 0.45 g of trome- 
thamine hydrochloride were added and the solution 
was diluted to 500 ml with water p.i. The solution was 
filtered, put into vials and sterilized. 

We claim: 

1. A 1, 4» 7, 10-tetraazacyclododecane compound of 
formula I 



5,132,409 



A 
I 



B3— N 



N N 



N— Bi 



I 

B2 



wherein 
A is a group of formula 



CH2-O— R 



-CH 



\ 



CO— X 



18 



— CH 



\ 



10 



15 



20 



25 



30 



35 



CO-Y 
in which 

R4 is H or a Ci-Cs straight or branched alkyl 
group, 

Y is a O — R5 group in which R5 is H or a Ci-Cs 
alkyl, hydroxyalkyl, alkoxyalkyl, alkoxyhy- 
droxyalkyl group, or a polyoxyalkyl group hav- 
ing 1 to IS oxygen atoms and 3 to 45 cart)on 
atoms, or Y is a — NR^R? group in which R^and 
R7f are the same or different, and are H or 
Ci-Q alkyl, hydroxyalkyl, alkoxyalkyl or alkox- 
yhydroxyalkyl groups having up to 5 hydroxy 
groups, 

and a salt of said compound of formula I with an 
organic base which is a member selected from the 
group consisting of primary, secondary, tertiary 
amines or with a basic aminoacid or with an inor- 
ganic base having a cation which is sodium, potas- 
sium or lithium, 

and a chelate of said compound of formula I or of a 
salt thereof with a di- or trivalent ion of a metal 
element having atomic number ranging from 20 to 
31,39,42 to 44,49, 57 to 83, wherein said chelate is 
neutral or acidic or salified with an organic base 
which is a member selected from the group consist- 
ing of primary, secondary, tertiary amines or with 
a basic aminoacid or with an inorganic base having 
a cation which is sodium, potassium or lithiimi. 

2. 1,4,7,10-Tetraazacyclododecane derivatives of 
general formula II 



R-O-CH2-CH-CO-X 



40 



CH— N 



Y— OC 



45 



N N 



/ 
N-CH 



CO— Y 



55 



in which 

R is H or a Ci-Cs straight or branched alkyl group, 
or a benzyl group which is unsubstituted or 
mono- or poly-sut^tuted on the aromatic ring 
by halogen, hydroxy, carboxy, carbamoyl, alk- 
oxycarbonyl, sulphamoyl, lower alkyl, lower 
hydroxyalkyl, amino, acylamino, acyl, hydrox- 
yacyl groups, or a group of formula 
H(OCH2CH2)i-4-, Me(OCH2CH2)i-4— , 

X is a O— >R| group in which R| is H or a Ci-Cs 
alkyl, hydroxyalkyl alkoxyalkyl, alkoxyhy- 
drpxyalkyl group, or a |>oIyoxaalkyl group hav- 
ing 1 to 15 oxygen atoms and 3 to 45 carbon 
atoms, or X is a — KRiRa group in which R2 and 
R9, are the same or different, and are H, Ci-Q 
alkyl, hydroxyalkyl, alkoxyalkyl or alkoxyhy- 
droxyalkyl groups having up to 5 hydroxy 
groups and 

Bi, B2 and B3, are the same or different, and have the 
same meaning as A or they are H or a group of 
formula 



R4— CH— CO— Y 

wherein 

R,R4,X and Y have the meanings defined in claim 1, 
and the chelates thereof with appropriate bi- or 
trivalent ions of metal elements having atomic 
numbers from 20 to 31, 39. 42, 43, 44, 49 or from 57 
to 83. 

3. 1.4,7, 10-Tetraazacyclododecane derivatives of 
general formula ni 



R— o— CH2— CH— 00— X 



HOOC-CH2— N 



N— CH2— COOH 



65 



I 

CH2— COOH 



wherein R and X have the meanings defined in claim 1, 
and the chelates thereof with appropriate bi- or trivalent 
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20 



ions of meta] elements having atomic numbers from 20 
to 31, 39, 42, 43, 44, 49 or from 57 to 83. 
4. Serine derivatives of general formula IV 



Ra— 0-CH2— CH-CO-Xj 



IV 



HOOC— CH2-N 



r 



J 



N— CH2— CXX>H 



N 
I 

CH2-^aX)H 



wherein is H or benzyl, Xi is OH, — KH2, 
— NHCH2CH2OH, — NHCH(CH20H)2, — NHCH2C- 
H(OH)CH20H. — N(CH2CH20H)2, — NH-CH- 
2-^H(OH)-CH20CH3 or — NH-CH2— CH(OH- 
>— CH(OH)— CH20H» and the chelates thereof with 
expropriate bi- or trivalent ions of metal elements hav- 
ing atomic numbers from 20 to 31, 38, 42, 43, 44, 49, or 
from 57 to 83. 

5. A chelate of a compound as claimed in claim 1, in 
which the chelate metal ion if Fe<2+), Fe(3+), CuCi+), 
Gd(3+). EuO+), Dy(3+)or Mn(2+). 

6. Chelates as claimed in claim 2 with the ions of the 
following radioisotopes: ^iCr, 6«Ga, l"In, ^f^c, i^^La. 
l«Yb. 

7. A compound as claimed in claim 1, selected from 
the group consisting of: 

2-(l,4,7,10-tetraazacycIododecane-l-yl)-3-benzyloxy- 

propionic acid, 
2*(lt4,7,10-tetraazacyc]ododecane-l-yl>3-hydroxypro- 

pionic acid, 

2-[l,4,7,10-tetraaza-4-(l-carboxy-2-benzyloxy-ethyl)- 

cyclododecane-l-yl]-3-benzyloxypropionic acid, 
2-(l,4,7,10-tetraaza-4-(l-carboxy-2-hydroxy-cthyl)- 

cyclododecane-l-yl]-3-hydroxypropionic acid, 
2-[l ,4,7, 10-tetraaza-7-(l -carboxy^-benzyloxy-ethyl)- 

. cyclododecane- l-yl]-3-benzyloxypropionic acid, 
2-[l,4,7,10-tetraa2a-7-(l-carboxy-2-hydroxy-cthyl)- 

cyclododecane-l-yl]-3-hydrbxypropionic acid, 
2-[l,4,7,10-tetraaza-4,7-di(l-carboxy-2-benzyloxy- 

ethy])-cyclododecane-l-yl]-3-benzyloxypropioni.c 

acid, 

2-[l,4,7,l0-tetraa2a-4,7-di(l-carboxy-2-hydroxy-ethyl)- 

cy clododecane- l-yl]-3-hydroxypropionic acid, 
2-[l,4,7,l0-tetraaxa-4-(l-carboxy-2-bcnzyloxy-ethyl)- 

7,10-di(carboxymethyl)-cyclododecane-l-yl]-3-ben- 

zyloxypropionic acid, 
2-[l,4.7,10-tctraaza-4-<l-carboxy-2-hydroxy<thyl)- 

7, 10-di(carboxymethyl)-cyclododecane-l-yI]-3- 

hydroxypropionic acid, 
2-[l ,4^7, 10-tetraaza-7-(l-carfooxy-2-benzyloxy-ethyl)- 

4,10<di(carboxymethyl>cyclododecane*l-yl]-3*ben- 

zyloxypropionic acid, 
2-tl»4,7, 10-tetraa2a-7-(l-carboxy.2.hydroxy-ethyl)- 

4,10-di(cart)Oxymethyl)-cyclododecane-l-yl]-3- 

hydroxypropionic add, 
2-tl,4,7,10-tetraa2a-4,7-di(l-carboxy*2-ben2yloxy« 

ethyl)-10-carboxymethyl-cyclododecane-l-yl]-3*bcn- 

zyloxypropionic acid, 
2-[l,4,7,10-letraaza-4,7-di(l-carboxy-2-hydroxy-cthyl> 

10<arboxymethyl-cyclododecane- 1 -yl]-3-hydroxy- 

propionic acid, 
2-[ 1 ,4,7, lO-tetraaza-4,7, 10-tri(carboxymethyl)-cyclodo- 

decane-l-yl]-3-benzyloxypropionic add, 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



2-[l,4,7,10-tetraaza-4,7,10-tri(carboxymcthyl)-cyclodo- 

decane-l-yl]-3-hydroxypropionic acid, 
2-( 1 ,4,7, lO-tctraazacyclododccane- 1 -yl)-3-benzyIoxy- 

propionamide, 
2-(l ,4,7, 10-tetraazacyclododecane-l-yl)-3-hydroxy-pro- 

pionamide, 

2-(l,4,7,10-tetraazacyclododecane-l-yl)-3-benzyloxy- 

N-(2-hydroxyethyl)-propionaiiude, 
2»(l,4,7,10-tetraazacyclododccane-l-yl)-3-hydroxy-N- 

(2-hydroxyethyl>propionamide, 
2-(l,4,7,10-tetraazacyclododecane*l-yl>3-benzyloxy- 

N-(l,3-dihydroxyisopropyl>propionamidc, 
2-( 1 ,4,7, 10-tetraazacyclododecane* 1 -yl)-3*hydroxy-N- 

(1 ,3-dihydroxyisopropyl)-propionamide, 
2-( 1 >4,7, ICVtetraazacyclododecane- 1 -yl)-3-benzyloxy- 

N-(2,3«dihydroxypropyl)-propionamide, 
2-(l,4,7,10-tctraazacyclododecane-l-yl)-3*hydroxy-N- 

(2,3-dihydroxypropyl)-propionamide, 
2-(l,4,7,10-tetraazacyclododecane*l-yl)>3-beiizyloxy- 

N,N-di(2-hydroxyethyl)-propi6namide, 
2-(iA7,10-tetraazacyclododecane-l-yl)-3-hydrozy- 

N,N-di-<2-hydroxyethyl)-propionamiide, 
2-[l,4,7,10-tetraaza-4,7,10-tri(carboxymethyl)-cycIodo- 

decane*l-yl]-3-benzyloxy*propionamide, 
2-[l,4,7,10-tetraaza-4,7,10-tri(carboxymethyl)-cyclodo- 

decane-l-yl]-3-hydroxy-propionamide, 
2-tli4,7,10-tetraaza-4,7,10-tri(carboxymethyl)-cyclodo- 

decane-l-yi]-3*benzylQxy*N-(2-hydroxyethyl)-pro- 

pionamide, 

2-[ 1 ,4,7, lO-tetraaza-4,7, lO-tri(carboxymethyl)-cyclodo- 
decane- 1 -yl]-3-hydroxy-NH(2-hydroxyethyl)-pro- 
pionamide, 

2-[i,4,7,10-tetraaza-4,7,10-tri(carboxymethyl)-cyclodo- 

decane-l-yl]-3-benzyloxy-N-(lf3-dihydroxyiso- 

propyl)-propionamide, 
2-[l,4.7,10-tetraaza-4,7,10-tri(carboxymethyl)-cyclodo- 

decane-l-yl]-3*hydroxy-NH(l,3-dihydroxyisopropyl> 

propionamide, 
2-tl,4,7, 1 0-tetraaza-4,7, 10-tri(carboxymethyl)-cyclodo- 

decane-l-yl]-3-benzyloxy-N-{2,3-dihydroxypropyl)- 

propionamide, 
2-[l,4,7,10-tetraza-4,7,10-tri(carboxymethyl>cyclodo- 

decane- 1 -yl]-3-hydroxy-N-(2,3-dihydroxypropyl)* 

propionamide, 
2-[l ,4,7, 10«tetraaza-4,7, 10-tri(carboxymethyl)<yclodo- 

decane- 1 -yl]-3-benzyloxy-N,N-di(2-hydroxyethyl)- 

propionamide, 
2-[l,4,7,10-tctraa2a-4,7,10-tri(carboxymcthyl)-cyclodo- 

decane-l-yl]-3«hydroxy»N,N-di(2-hydroxyethyl)- 

propionamide, 
the respective chelate complexes with FeO+), Cu(2+), 
MnC2+), Gd(3+), Dy<3+), In(3+), U(3+). Yb(3+)and the 
corresponding salts with D(->N-methy]gIucamine. 

8. A method for the preparation of a metal chelate of 
a 1.4»7.10-tetraazacyclododecane compound of formula 



«0 



65 



r 



N-B| 



J 



wherein 
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A is a group of formula atotoic numbers from 20 to 31, 39,42,43,44,49 or 

from 57 to 83 with said compound of formula I 
CHi-^o^K ^ thereof in the presence of an acid or a 

/ base in an amount necessary for neutralization, 

""^y 5 9. A compound according to claim 1 which is the 

CO— X D(— )-N-methylglucaminc salt of the chelate complex 

of Gd(3+) with 2-[l,4,7,10-tetraa2a-4,7-di(l-carboxy-2- 
tn which benzyloxy-ethyl)-10-carboxymethyl-cyclododecane-lo 
R is H or a C1-C5 straight or branched alkyl group, yl]-3-benzyloxypropiomc acid, 
or a benzyl group which is unsubstituted or 10* A compound according to claim 1 which is the 
mono- or poly-substituted on the aromatic ring Gd (3+X:omplex with 2-[l,4,7,10-tetFBaza-4»7»10-tii(- 
by halogen, hydroxy, carboxy, carbamoyl, alk- carboxymcthyI)-cycIododecane-l-yl]-3-bciiryloxy-[N- 
oxycarbonyl, sulphamoyl, lower alkyl, lower methyl-N(D-l-deoxyglucitol)]-propionamide. 
hydroxyalkyl, amino, acylamino, acyl, hydrox- 11. A compound according to claim 1 which b the 
yacyl groups, or a group of formula Gd(3+)complex with 2-[l»4,7,10-tetraaza-4,7,10.tri(- 
H(OCH2CH2)i-4— , Me(OCH2CH2)i^— or Et- carboxymethyl)-cyclododecane-l-yI]-3-(L>benzyloxy- 
(OCH2CH2)i-4— . N-methyl-N(D-l-deoxyglucitol)]-propionamide. 
X is a Ri group in which Ri is H or a Ci-Cs 12. A compound according to claim 1 which is 
alkyl, hydroxyalkyl, alkoxyalkyl, alkoxyhy- Gd(34')complex with 2-[l,4,7,10-tetraaza-4,7,10-tri(* 
droxyalkyl group, or a polyoxaalkyl group hav- ^ carboxymethyl)-cyclododecane-l-yl]3-hydroxy-[N- 
tng 1 to 15 oxygen atoms and 3 to 45 carbon methyl-N-<D)-i-deoxy-glucitol)]*propionamide. 
atoms, or X is a — ^NR2R3 group in which R2 and 13. A compound according to cbdm 1 which is the 
Ra, are the same or different, and are Ci-C^ Gd(3+)complex with 2-[li4,7,10-tetraaza-4,7,10-tri(- 
alkyl, hydroxyalkyl, alkoxyalkyl or alkoxyhy* carboxymethyl)-cyclododccane-l-yl}3-(L)-bydroxy- 
droxyalkyl groups having up to 5 hydroxy ^ [N-methyl-N-(D-l-deoxyglucitol)]-propionamide. 
groups and , . 14. The compound according to claim 1 wherein said 

Bi, B2 and B3, are the same or different, and have the organic base is ethanolamine, diethanolamine, morpho- 
same meaning as A or they are H or a group of line, glucamine, N,N-dimethylglucamine or N*methyl> 
foimula glucamine. 

^ 15. The compound according to claim 1 wherein said 
R4 basic aminoacid is lysine, arginine or omithine. 

^ / 16. The compound according to claim 1 wherein said 

"~ \ inorganic base is sodium hydroxide, potassium hydrox- 

CO— y ide or lithium hydroxide. 

17. The method according to claim 8 wherein said 
in which acid necessary for the neutralization is an inorganic or 

R4 is H or a C1-C5 straight or branched alkyl organic acid, said inorganic acid having an anion which 
group, Y is a O— R5 group in which Rs is H or a is a member selected from the group consisting of chlo- 
Ci'-Cs alkyl, hydroxyalkyl, alkoxyalkyl, alkox- ride, bromide, iodide or sulfate, said organic acid being 
yhydroxyalkyl group, or a polyoxaalkyl group ^ acetic, succinic, dtric, fumaric or maleic. 
having 1 to 15 oxygen atoms and 3 to 45 carbon 18. The method according to claim 8 wherein said 
atoms, or Y is a —NR^R? group in which R6and base necessary for neutralization is an inorganic or or- 
Rt are the same or different, and are H or Ci-Cs ganic base, said inorganic base having a cation which is 
alky], hydroxyalkyl, alkoxyalkyl or alkoxyhy- sodium, potassium or lithium, said organic base being a 
droxyalkyl groups having up to 5 hydroxy primary, secondary or tertiary amine or a basic aminoa- 
groups, which consists in reacting a salt or an cid. 

oxide of a metal selected from the metals having « • • # • 

50 
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ABSTRACT 



The present invention provides a method of magnetic reso- 
nance investigation of a sample, preferably of a human or 
non-human animal body. The method comprises the step of 
ex vivo polarization of a high Tj agent. The polarizing agent 
is optionally separated from tbe high T^ agent before the 
high Tj agent is administered to the sample. 

34 Claims, 5 Drawing Sheets 
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METHOD OF MAGNETIC RESONANCE amount greater than the natural abundance of said nuclei in 

INVESTIGATION said molecules (i.e. the agent will be enriched with said 

nuclei). 

This application is a continuation of international appli- Thus viewed from one aspect the present invention 

cation number PCT/GB98/03904, filed Dec. 23, 1998 (of 5 provides a method of magnetic resonance investigation of a 

which the entire disclosure of the pending, prior application sample, preferably of a human or Don-buman animal body 

ishereby incorporated by reference), which claims benefit of (eg. a mammalian, reptilian or avian body), said method 

a continuation-in-part of U.S. provisional application No. comprising: 

60A)76,924, filed Mar. 5, 1998. (i) producing a hyperpolarised solution of a high T^ agent by 
This invention relates to a method of magnetic resonance lO dissolving in a physiologically tolerable solvent a hyper- 
imaging (MRI). polarised solid sample of said high T^ agent; 

Magnetic resonance imaging (MRI) is a diagnostic tech- (ii) where the hyperpolarisation of the solid sample of said 
nique that has become particularly attractive to physicians as high Tj agent in step (i) is effected by means of a 
it is non-invasive and does not involve exposing the patient polarising agent, optionally separating the whole, sub- 
under study to-potentially harmful radiation such as X-rays. 15 stantially the whole, or a portion of said polarising agent 

In order to achieve eff^ective contrast between MR from said high T^ agent; 

images of the different tissue types in a subject, it has long (iii) administering said hyperpolarised solution to said 

been known to administer to the subject MR contrast agents sample; 

(e.g. paramagnetic metal species) which effect relaxation (iv) exposing said sample to radiation of a frequency 

times of the MR imaging nuclei in the zones in which they 20 selected to excite nuclear spin transitions in selected 

are administered or at which they aggregate. Contrast nuclei eg the MR imaging nuclei of the high Tj agent; 

enhancement has also been achieved by utilising the ^'Over- (v) detecting magnetic resonance signals from said sample; 

hauser effect" in which an esr transition in an administered and 

paramagnetic species (hereinafter an OMRI contrast agent) (vi) optionally, generating an image, dynamic flow data, 
is coupled to the nuclear spin system of the imaging nuclei. 25 diffusion data, perfusion data, physiological data (eg. pH, 
The Overbauser effect (also known as dynamic nuclear PO2, PCO2, temperature or ionic concentrations) or meta- 
polarisation) can significantly increase the population dif- bolic data from said detected signals, 
ference between excited and ground nuclear spin slates of wherein said high T^ agent in said hyperpolarised solution 
selected nuclei and thereby amplify the MR signal intensity has a Tj value (at a field strength in the range 0.01-5 T and 
by a factor of a hundred or more allowing OMRI images to 30 a temperature in the range 20-^0'' C.) of at least 5 seconds 
be generated rapidly and with relatively low primary mag- and furthermore wherein said high Tj agent is ^^C enriched 
netic fields. Most of the OMRI contrast agents disclosed to at one or more carbonyl or quaternary carbon positions, 
date are radicals which are used to effect polarisation of Thus the invention involves the sequential steps of pro- 
imaging nuclei in vivo. ducing a hyperpolarised solution from a hyperpolarised solid 

EP-A-0355884 (to Hafelund Nycomed Innovation AB) 35 sample of a high T^ agent comprising nuclei capable of 

discloses a method of and apparatus for performing electron exhibiting a long Tj relaxation time, administration of the 

spin resonance enhanced magnetic resonance imaging hyperpolarised solution of the high Tj agent (preferably in 

(ESREMRI) at ultra-low fields of up to 20 Gauss. Research the absence of a portion of, more preferably substantially the 

Disclosure No. 348, i^ril 1993, 242 (anon) discloses that whole of, any polarising agent), and conventional in vivo 

electron paramagnetic resonance can result in the enhance- 40 MR signal generation and measurement. The MR signals 

ment of an MR signal. obtained in this way may be conveniently converted by 

Techniques are now being developed which involve ex conventional manipulations into 2-, 3- or 4-dimensional data 

vivo polarisation of agents containing MR imaging nuclei, including flow, diffusion, physiological or metabolic data, 

prior to administration and MR signal measurement. Such By "hyperpolarised" we mean polarised to a level over 

techniques may involve the use of polarising agents, for 45 that found at room temperature and 1 T, preferably polarised 

example conventional OMRI contrast agents or hyperpo- to a polarisation degree in excess of 0.1%, more preferably 

iarised gases to achieve ex vivo polarisation of administrable 1%, even more preferably 10%. 

MR imaging nuclei. By polarising agent is meant any agent Polarization is given by the equation 
suitable for performing ex vivo polarisation of an MR 

imaging agent. 50 i Na-Nfi i 

The ex vivo method has inter alia the advantage that it is ^iNa+Nfil 
possible to avoid administering the whole of, or substan- 
tially the whole of, the polarising agent to the sample under ... 
investigation, whilst still achieving the desired polarisation. "^^^^^ equihbrium is equal to 
Thus the method is less constrained by physiological factors ss 
such as the constraints imposed by the administrability, 1 -cx^-rhB^/kT) 
biodegradability and toxicity of OMRI conUast agents in in * * txvi-yhBjkT) 
vivo techniques. 

It has now been found that ex vivo methods of magnetic where 

resonance imaging may be improved by using polarised MR 60 is the number of spins in nuclear spin state o (e.g. 

unagmg agents comprismg nuclei capable of emitting mag- ^x. * 

netic resonance signals in a uniform magnetic field (eg MR . . . ^ . . 

imaging nuclei such as ^^C or ^^N nuclei) and capable of is the number of spms in nuclear spm state p (e.g. -V^); 

exhibiting a long T^ relaxation time, preferably additionally Y is the magneto|yric ratio for the isotopic nucleus in 

a long T2 relaxation time. Such agents will be referred to 65 question, e.g. C); 

hereinafter as ''high T^ agents". Typically the molecules of fi \s Planck's constant divided by 2q; 

a high Tj agent will contain MR imaging nuclei in an is the magnetic field; 
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k is Boltzmacn's constant; and 
T is temperature in kelvin. 

Thus P has a maximum value of 1 (100% polarization) 
and a minimum value of 0 (0% polarization). 

By "physiologically tolerable solvent" we mean any 5 
solvent, solvent mixture or solution that is tolerated by the 
human or non-human animal body, e.g. water, aqueous 
solutions such as saline, perfiuorocarbons, etc. 

One embodiment of the invention provides a method as 
described above wherein the hypeipolarised solid sample of lO 
said high agent retains its polarisation when transported 
in a magnetic field and at low temperature; in this way the 
agent can be hyperpolarised at a site remote from its end use 
and transported to its place of use in a magnetic field and at 
a low temperature and there dissolved and administered. i5 

In the embodiment referred to above, the magnetic field is 
preferably greater than 10 mT, more preferably greater than 
0,1 T, even more preferably greater than 0.5 T, yet more 
preferably greater than 1 T. By "low temperature" we 
preferably mean lower than 80 K, more preferably lower 20 
than 4.2 K, most preferably lower than 1 K. 

A further embodiment of the invention provides a method 
as described above wherein the hyperpolarised solution thus 
formed retains its polarisation when transported in a mag- 
netic field. In this latest embodiment, the magnetic field is 25 
preferably greater than 10 mT, more preferably greater than 
0.1 T, even more preferably greater than 0.5 T, yet more 
preferably greater than 1 T. 

A yet further embodiment of the invention provides a 
method as described above wherein a magnetic field is 30 
present during the dissolution stage. In this latest 
embodiment, the magnetic field is preferably greater than 10 
mT, more preferably greater than 0.1 T, even more prefer- 
ably greater than 0.5 T, yet more preferably greater than 1 T. 

Suitable high T^ agents may contain nuclei such as 35 
protons. However other non-zero nuclear spin nuclei may be 
useful (eg '^F, ^Li, '^C, '^N, ^'Si or ^'P, as well as 'H), 
preferably ^H, '^C. '^N, '^F, ^^Si and =^^P nuclei, with "C 
and nuclei being particularly preferred. In this event the 
MR signals from which the image is generated will be 40 
substantially only from the high T^ agent itself. Nonetheless, 
where the polarised high T^ agent is present in high con- 
centration in administrable media, there may be significant 
enough transfer of magnetisation to the protons to be able to 
perform ^H-MRI on the protons of the media. Similarly, the 45 
polarised high T^ agent may have a significant enough effect 
on in vivo protons for conventional ^H-MRI to be carried out 
on those protons. 

Where the MR imaging nuclei is other than a proton (eg 
or ^^N) , there will be essentially no interference from so 
background signals (the namral abundance of ^^C and ^^N 
being negligible) and image contrast will be advantageously 
high. This is especially true where the high T^ agent itself is 
enriched above natural abundance. Thus the method accord- 
ing to the invention has the benefit of being able to provide 55 
significant spatial weighting to a generated image. In effect, 
the administration of a polarised high T^ agent to a selected 
region of a sample (eg by injection) means that the contrast 
effect may be localised to that region. The precise effect of 
course depends on the extent of biodistribution over the 60 
period in which the high T^ agent remains significantly 
polarised. In general, specific body volumes (i.e. regions of 
interest such as the vascular system or specific organs such 
as the brain, kidney, heart or liver) into which the agent is 
administered may be defined with improved signal to noise 65 
(particularly improved contrast to noise) properties of the 
resulting images in these volumes. 
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In one embodiment, a "native image" of the sample (e.g. 
body) (ie. one obtained prior to administration of the high T^ 
agent or one obtained for the administered high T^ agent 
without prior polarisation as in a conventional MR 
experiment) may be generated to provide structural (eg. 
anatomical) information upon which the image obtained in 
the method according to the invention may be superim- 
posed. A "native image" is generally not available where ^^C 
or ^^N is the imaging nucleus because of the low abundance 
of ^^C and ^^N in the body. In this case, a proton MR image 
may be taken to provide the anatomical information upon 
which the ^^C or ^^N image may be superimposed. 

The high T^ agent should of course be physiologically 
tolerable or be capable of being provided in a physiologi- 
cally tolerable, administrable form. Preferred high T^ agents 
are soluble in aqueous media (eg. water) and are of course 
non-toxic where the intended end use is in vivo. 

Conveniently, the high Tj agent once polarised will 
remain so for a period sufficiently long to allow the imaging 
procedure to be carried out in a comfortable time span. 
Generally sufficient polarisation will be retained by the high 
T^ agent in its administrable form (eg. in injection solution) 
if it has a Tj value (at a field strength of 0.01-5 T and a 
temperature in the range 20-40'' C.) of at least 5 s, more 
preferably at least 10 s, especially preferably 30 s or longer, 
more especially preferably 70 s or more, yet more especially 
preferably 100 s or more (for example at 37° C. in water at 
1 T and a concentration of at least 1 mM). The high T^ agent 
may be advantageously an agent with a long T2 relaxation 
time. 

The long T^ relaxation time of certain nuclei is 
particularly advantageous and certain high T^ agents con- 
taining ^^C nuclei are therefore preferred for use in the 
present method. The y-factor of carbon is about h/k of the 
Y-factor for hydrogen resulting in a Larmor frequency of 
about 10 MHz at 1 T. The rf-absorption and reflections in a 
patient is consequently and advantageously less than in 
water (proton) imaging. The signal-to-noise ratio is found to 
be independent of the MRI field strength when the corre- 
sponding frequency is higher than a few MHz. Preferably 
the polarised high Tj agent has an effective ^^C nuclear 
polarisation corresponding to the one obtained at thermal 
equilibrium at 300 K in a field of 0.1 T or more, more 
preferably 25 T or more, particularly preferably 100 T or 
more, especially preferably 5000 T or more (for example 50 
kT) 

When the electron cloud of a given molecule interacts 
with atoms in surrounding tissue, the shielding of the atom 
responsible for the the MR signal is changed giving rise to 
a shift in the MR frequency ("the chemical shift effect"). 
When the molecule is metabolised, the chemical shift will be 
changed and high Tj agents in different chemical surround- 
ings may be visualised separately using pulses sensitive to 
chemical shift. When the frequency difference between high 
Tj molecules in different surroundings is 10 Hz or higher, 
preferably 20 Hz or higher, most preferably 150 Hz or higher 
(corresponding to 3.5 ppm or higher at 1 T), the two 
components may be excited separately and visuaUsed in two 
images. Standard chemical shift selective excitation pulses 
may then be utilised. When the frequency separation is less, 
the two components may not be separated by using fre- 
quency selective rf-pulses. The phase difference created 
during the time delay after the excitation pulse and before 
the detection of the MR signal may then be used to separate 
the two components. Phase sensitive imaging pulse 
sequence methods (Dixon, Radiology, 1984, 153: 189-194 
and Sepponen, Mag Res. Imaging, 3, 163-167, 1985) may 
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be used to generate images visualising different chemcial 
surroundings or different metabolites. The long relaxation 
time which may be a characteristic of a high agent will 
under these circumstances make it possible to use long echo 
times (TE) and stiU get a high signal-to-noise ratio. Thus an 
important advantage of the high T^ agents used in the 
present method is that they exhibit a chemical shift depen- 
dent OD the local composition of the body in which they are 
localized. Preferred high agents will exhibit at 1 T a 
chemical shift of more than 2 ppm, preferably more than 10 
ppm depending on whether the high T^ agent is localised 
inside or outside the vascular system. More preferred high 
Ti agents will exhibit a chemical shift of more than 2 ppm, 
preferably more than 10 ppm, per 2 pH units or per Kelvin 
or upon being metabolised. High Tj agents containing 
polarised ^^C nuclei (or ^^N nuclei) exhibit large changes in 
chemical shift in response to physiological changes (eg. pH, 
PO2, pCOj, redox potential, temperature or ionic concen- 
trations of for example Na"^, K', Ca^*) or metabolic activity 
and therefore may be used to monitor these parameters. 

Solid high T^ agents (e.g. ^^C or ^^N enriched solids) may 
exhibit very long T^ relaxation times and for this reason are 
especially preferred for use in the present method. The Tj 
relaxation time may be several hours in the bulk phase, 
ahhough this may be reduced by reduction of grain size 
and/or addition of paramagnetic impunties eg. molecular 
oxygen. The long relaxation time of solids advantageously 
allows the procedure to be conveniently carried out with less 
haste and is particularly advantageous in allowing the 
polarised solid high T^ agent to be stored or transported prior 
to pharmaceutical formulation and administration. In one 
embodiment, the polarised high T^ agent may be stored at 
low temperature and prior to administration, the high Tj 
agent may be rapidly warmed to physiological temperatures 
using conventional techniques such as infrared or micro- 
wave radiation or simply by adding hot, sterile administrable 
media eg saline. 

For in vivo use, a polarised solid high agent is 
dissolved in administrable media (eg water or saline), 
administered to a subject and conventional MR imaging 
performed. Thus solid high Tj agents are preferably rapidly 
soluble (eg. water soluble) to assist in formulating admin- 
istrable media. Preferably the high T^ agent should dissolve 
in a physiologically tolerable carrier (eg water or Ringers 
solution) to a concentration of at least 1 mM at a rate of 1 
mM/3 Tj or more, particularly preferably 1 mM/2 Tj or 
more, especially preferably 1 mM/T^ or more. Where the 
solid high T^ agent is frozen, the adminstrable medium may 
be heated, preferably to an extent such that the temperature 
of the medium after mixing is close to 37° C. 

A polarised high T^ agent may be administered (either 
alone or with additional components such as additional high 
T^ agents) in liquid form. The retention of polarisation in a 
liquid medium vis-a-vis a gas medium is significantly, 
greater. Thus while T^ and Tj are in general shorter for the 
liquid, the T2* effect due to difiFusion is 10' tiibes less 
significant for the liquid. Consequently for gaseous high Tj 
agents the imaging sequence used generally has to be 
FLASH or GRASS while in contrast, more efiScient imaging 
sequences may be used for liquids. For example, liquids 
generally have slower diffusion which makes it possible to 
use sequences such as echo planar imaging (EPI). The 
overall technique will be faster and yield better resolution 
(voxel size <1 mm) than conventional techniques (voxel size 
approx. 1-5 mm) at current acquisition times. It will give 
good images at all fields including in low field (eg. 0.01-0.5 
T) machines. 
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Unless the hyperpolarised agent is stored (and/or 
transported) at low temperature and in an applied field as 
described above, since the methpd of the invention should be 
carried out within the time that the hyperpolarised solution 

5 of the high T^ agent remains significantly polarised, it is 
desirable for administration of the polarised high T^ agent to 
be effected rapidly and for the MR measurement to follow 
shortly thereafter. The preferred administration route for the 
polarised high Tj agent is parenteral eg by bolus injection, 
by intravenous, intraarterial or peroral injection. The injec- 
tion time should be equivalent to 5 T^ or less, preferably 3 
Tj or less, particularly preferably Tj or less, especially 0.1 
Tj or less. The lungs may be imaged by spray, eg by aerosol 

15 spray. 

The high Tj agent should be preferably enriched with 
nuclei (eg, ^^N and/or ^^C nuclei) having a long Tj relax- 
ation time. Preferred are ^^C enriched high T^ agents having 
^^C at one particular position (or more than one particular 

20 position) in an amount in excess of the natural abundance, 
i.e, above about 1%, Preferably such a single carbon position 
will have 5% or more "C, particularly preferably 10% or 
more, especially preferably 25% or more, more especially 
preferably 50% or more, even more preferably in excess of 

25 99% (e.g. 99.9%). The ^^C nuclei should preferably amount 
to >2% of all carbon atoms in the compound. The high T^ 
agent is ^^C enriched at one or more carbonyl or quaternary 
carbon postions, given that a ^^C nucleus in a carbonyl 
group or in certain quaternary carbons may have a Tj 
relaxation time typically of more than 2 s, preferably more 
than 5 s, especially preferably more than 30 s. Preferably the 
^^C enriched compound should be deuterium labelled, espe- 
cially adjacent the ^^C nucleus. 

2^ Viewed from a further aspect the present invention pro- 
vides a composition comprising a hyperpolarised solution of 
a polarised "C, '^N, ^^'F, ^^Si, ^'Por 'H enriched compound 
together with one or more physiologically acceptable carri- 
ers or excipients. 

40 Viewed from a further aspect the present invention pro- 
vides a contrast medium comprising a hyperpolarised solu- 
tion of a polarised high Tj agent being enriched with ^^C, 
^^N, ^^F, ^^Si, ^^P or nuclei having a T^ relaxation time 
of 2 s or more, preferably 10 sees or more, more preferably 

45 30 sees or more, especially preferably 60 sees or more in 
solution at magnetic fields of 0.005-10 T, preferably 
0.01-10 T, together with one or more physiologically 
acceptable carriers or excipients. 
Preferred ^^C enriched compounds are those in which the 

50 nucleus is surrounded by one or more non-MR active 
nuclei such as O, S, C or a double bond. Specifically 
preferred ^^C enriched agents are ^^CO/' and H^COj" 
(sodium salt for injection and calcium or potassium salt for 
polarisation). 

55 Also preferred are the following types of compound (* 
denotes ^^C enriched positions): 

(1) carboxyl compounds comprising 1 to 4 carboxyl groups: 
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CXX)' 

pyruvic acid 

(including deuterated and 
labelled analogues) 



-COO* 



OH 



acetoacetate 



OHC — COO 



ODC — CXX)- 
glyoxylic add 



•COO- 
I 

(CHOH)4 

• coo- 

gluconic acid 



(wherein R represents any straight or branched chain 
hydrocarbon moiety, preferably a highly substituted 
carbon atom, especially preferably a quaternary 
carbon) and esters, isomers, especially stereoisomers 
and rotamers, thereof; 
(2) substituted mono and biaryl compounds: 



10 



15 



20 



25 



30 




40 



45 



50 



55 



(wherein each group R or R' is independently a hydrogen 
atom, an iodine atom, a atom or a hydrophilic 
moiety M being any of the non-ionizing groups con- 
ventionally used to enhance water solubility within the 



8 



field of triiodophenyl X-ray contrast agents including 
for example a straight chain or branched Cj.io'^^^yl 
group, preferably a Cj,5 group, optionally with one or 
more CHj or CH moieties replaced by oxygen or 
nitrogen atoms and optionally substituted by one or 
more groups selected from oxo, hydroxy, amino, car- 
boxyl derivative, and oxo substituted sulphur and phos- 
phorus atoms). 
Particular examples of group M include 
polyhydroxyalkyl, hydroxyalkoxyalkyl and hydroxypoly- 
alkoxyalkyl and such groups attached to the phenyl group 
via an amide linkage such as hydroxyalkylaminocarbonyl, 
N-alkyl-hydroxyalkylaminocarbonyl and bis- 
hydroxyalkylaminocarbonyl groups. Preferred among such 
M groups are those containing 1, 2, 3, 4, 5 or 6, especially 
1, 2 or 3, hydroxy groups, e.g. 
— CONH— CH2CH2OH 
-^rONH-CH^CHOHCHjOH 
— CONH— CH(CH20H)2 
— C0N(CH2CH20H)2 
as well as other groups such as 

— CONH2 
— CONHCH3 
— OCOCH3 
— N(C0CH3)H 
— N(COCH3)Ci.3-alkyl 

— ^N(COCH3)-mono, bis or tris-hydroxy Ci.4-alkyl 
— N(C0CH20H)-mono, bis or tris-hydroxy Ci.4-alkyl 
— N(C0CH20H)2 

— C0N(CH2CH0HCH20H) (CHjCHjOH) 
35 — CONH— C(CH20H)3 and 

— CONH— CHCCHjOH) (CHOHCH2OH). 
In general, the M groups will preferably each comprise a 
polyhydroxy Cj.4-alkyl group, such as Ci.4-alkyl groups 
substituted by 1, 2, 3 or 4 hydroxy groups (e.g. 
hydroxymethyl, 2-hydroxyethyl, 23-bishydroxy-propyl, 
l,3-biShydroxyprop-2-yl, 23,4-trihydroxybutyl, and 1,2,4- 
trihydroxybut-2-yl) optionally connected to the phenyl ring 
via a CO, SO or SO2 group (e.g. COCHjOH or 
SO2CH2OH). 

Preferred compounds are those in which two or three 
non -adjacent R groups in the or each CgRj moiety are iodine 
and at least one, and preferably two or three, R groups in the 
or each C^Rj moiety are M or Mj moieties; each M 
independently is a non-ionic hydrophilic moiety; and each 
Mj independently represents a Ci.4-alkyl group substituted 
by at least one hydroxyl group and optionally linked to the 
phenyl ring via a caibonyl, sulphone or sulphoxide group, at 
least one 2 group, preferably at least two R groups and 
especially preferably at least one R group in the or each 
C6R5 moiety, being an moiety. Especially preferred are 
the compounds disclosed in WO-A-96/09282. 
(3) sugars: 



60 



•CHO 

I 

(CHOH)4 
CH2OH 



*CDO 
I 

(CH0H)4 
CH^H 



CHjOH 



65 



ghioose 



(CH0H)3 

CH2QH 
fructose 
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CH20H 


CH2OH 


■h 

1 


.Uo 

\ 


CHOH 

1 


(CHOH)2 


CH2OH 


CH2OH 


erytbiose 


xylulose 


(4) ketones: 








R' 
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-continued 

s 

/ 
-s 



ooc- 



H2N 



NH2 



10 



(8) carbonates: 
o 



15 



OR 



cystme 



-ooo- 



(wherein R and R' are as defined above) 
(5) ureas: 



o 

"R'RN ^ 

NR'R" 



H2N * NH2 

urea 



(6) amides: 



NR'R' 



20 



25 



(9) nucleotides: 



H2N 




ribose 




guanylic acid 
O 



uric acid 



(7) amino acids: 



R o 

H 

H2N OH 



and peptides and proteins labelled in the carboayl position, 
particularly those known in the art to be useful for taigeUing 
tumour cells. Of the proteins, albumin is especially pre- 
ferred. Polymers are also useful, particularly those with low 
toxicity (eg, polylysine) and those with many carboxyl 
groups (eg polyglutamic acid). The following amino acids 
are especially preferred: 



OOO- 



• coo* 

I 

(CH2)2 



COO- 

I 

CH2 



j— NH2 l— NH2 



• coo- 

gjutamate 

H2C — COO- 
/ 

H2N 



• coo- 

aspartate 

D2C — COO- 
/ 

H2N 




glycine 



inositol 
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and 

(11) compounds such as: 

OH OH 



10 



15 



HO 



HO^ 



OH OH 




OH 



OH 



"OH 




COO- 




penicillin derivatives 




OH 



diflunisal 

NH2 



HO 



DOPA 



20 



25 



30 



35 



40 



45 



50 



55 



60 



65 



(wherein R denotes any of the conventional side chains 
suitable for use in X-ray contrast agents and A denotes 
I, D, OR, RC=0 or 




HorD' 
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-continued 




HO. 



HO. 



OH 



OH 



In any of the above definitions, unless otherwise specified 
R, R', R" and R'" denote any suitable substituent, preferably 
a substituent bound by a non-magnetic nucleus. 

The partly or wholly deulerated or ^"^F analogues of any 
of these compounds are particularly preferred. 

Certain of the above-mentioned ^^C enriched compounds 
are novel per se and form a further aspect of the invention. 
Compounds which are water soluble are particularly pre- 
ferred. 

In general, ^^C enriched amino acids and any known 
contrast agents firom the fields of X-ray contrast agents and 
MRI contrast agents (the chelating agent without the metal 
counterion eg conventional Gd chelating agents without Gd) 



15 



20 




(Pyruvic add) 



H2N — C — CX>OH 



Hyperpolarisation may be carried out by any kno\Kai 
method and by way of example three such methods are 
described hereinbelow. It is envisaged that, in the method 
are preferred as high agents Intermediates in normal according to the invention, the level of polarisation achieved 
metabolic cycles such as the citric acid cycle eg. fumaric should be suflScient to allow the hyperpolarised solution of 
acid and pymvic acid are preferred for the imaging of ^^^^ \^ ^8^°^ to achieve a diagnosticaUy effective 

metabolic activity contrast enhancement in the sample to which it is subse- 

^ ^* quently administered in whatever form In general, it is 

Tj values for ^ C enriched compounds useful in the 30 desirable to achieve a level of polarisation which is at least 



invention are reported in the literature or may be routinely 
determined. Examples include: 

(a) non- water soluble (i.e soluble in an organic solvent) 




35 



40 



45 



OCHj 



16.88 



(b) water soluble 



CH3COOH;T, = 29-41s 




66s in D2O, 
19.4s in H^ 

(ascorbic add) 



OH 



a factor of 2 or more above the field in which MRI is 
performed, preferably a factor of 10 or more, particularly 
preferably 100 or more and especially preferably 1000 or 
more, eg. 50000. 

In a first embodiment of the method according to the 
invention, hyperpolarisation of the MR imaging nuclei is 
effected by an OMRI contrast agent. In this embodiment, 
step (i) of the method comprises: 

(a) bringing an OMRI contrast agent and a high agent 
into contact in a uniform magnetic field (the primary 
magnetic field B J; 

(b) exposing said OMRI contrast agent to a first radiation 
of a frequency selected to excite electron spin transi- 
tions in said OMRI contrast agent; and 

(c) dissolving in a physiologically tolerable solvent said 
high Ti agent. It is preferred that the OMRI contrast 
agent and high agent are present as a composition 
during polarisation. 

Dynamic nuclear polarisation may be attained by three 
50 possible mechanisms: (1) the Overhauser effect, (2) the solid 
effect and (3) thermal mixing effect (see A. Abragam and M. 
Goldman, Nuclear Magnetism: order and disorder, Oxford 
University Press, 1982). The Overhauser effect is a relax- 
ation driven process that occurs when the electron-nucleus 
55 interaction is time-dependent (due to thermal motion or 
relaxation effects) on the time scale of the inverse electron 
Larmor frequency or shorter. Electron-nuclear cross- 
relaxation results in an exchange of energy with the lattice 
giving rise to an enhanced nuclear polarisation. The overall 
60 enhancement depends on the relative strength of the scalar 
and dipolar electron-nuclear interaction and the microwave 
power. For static systems both thermal mixing and the solid 
effect are operative. In the solid effect, the electron spin 
system is irradiated at a frequency that corresponds to the • 
sum or difference of the electronic and nuclear Larmor 
frequencies. The nuclear Zeeman reservoir absorbs or emits 
the energy difference and its spin temperanire is modified. 



65 
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resulting in an enhanced nuclear polarisation. The efiBciency 
depends on the transition probabilities of otherwise forbid- 
den transitions that are allowed due to the mixing of nuclear 
states by non-secular terms of the electron-nuclear dipolar 
interaction. Thermal mixing arises when the electron- 
electron dipolar reservoir establishes thermal contact with 
the nuclear Zeeman reservoir. This takes place when the 
characteristic electronic resonance line width is of the order 
of the nuclear Larmor frequency. Electron-electron cross 
relaxation between spins with difference in energy equal to 
the nuclear Zeeman energy is absorbed or emitted by the 
electronic dipolar reservoir, changing its spin temperature 
and the nuclear polarisation is enhanced. For thermal mixing 
both the forbidden and the allowed transitions can be 
involved. 

In the first embodiment where the polarising agent is an 
OMRI contrast agent, the method may be conveniently 
carried out by using a first magnet for providing the pola- 
rising magnetic field and a second magnet for providing the 
primary magnetic field for MR imaging. The same magnet 
could be used for both purposes. FIG. 1 of the accompanying 
drawings is a schematic representation of an apparatus 
suitable for carrying out the first embodiment of the inven- 
tion. A freestanding polarising magnet (1) optionally 
together with a filter surrounds an EPR resonator (2) which 
provides the nuclear polarisation. A container (3) comprising 
a pump is provided for carrying the contrast composition 
which is delivered to a subject (4) by a delivery line (5). The 
subject is situated within a conventional MR scanner (6). 

In the above apparatus, a dielectric resonator may be used 
in the dynamic nuclear polarisation process. Generally 
speaking, dynamic nuclear polarisation requires a volume 
with a fairly strong high frequency magnetic field and an 
accompanying electric field which is made as small as 
possible. A dielectric resonator may be used to provide a 
preferred field arrangement in which the magnetic field lines 
are shaped like a straw in a sheaf of corn with an electric 
field forming circles like the thread binding the sheaf. A field 
arrangement of this type may be formed by one of several 
ring3 or tubes of a material with a high dielectric constant 
and low loss. The man skilled in the art will appreciate that 
such a tube will exhibit different electromagnetic resonant 
modes. One of the dominant modes has the desired charac- 
teristic of electric field circulating around the tube axis 
within the wall and being zero at the axis and everywhere 
perpendicular to it. The magnetic field on the other hand is 
concentrated around the tube axis and mainly directed along 
it. The composition to be polarised is conveniently placed 
inside the resonator which is itself placed inside a metal box 
with a clearance typically of the order of the size of the 
resonator, and is excited to the desired resonance with a 
coupling loop or the like. The metal box ensures that the 
electromagnetic energy does not leak away by radiation. 
FIG. 2 of the accompanying drawing;^ shows a dielectric 
resonator (1) (with an axis of rotational symmetry (2)) 
within a metal box (3). 

An alternative to the dielectric resonator is a resonant 
cavity of which several are known to those skilled in the art. 
One simple and efBcient resonant cavity is a metal box, such 
as a cylindrical metal box. A suitable mode is the one known 
as TM 1,1,0 which produces a perpendicular magnetic field 
on the axis of the cavity. It is possible to excite two such 
modes in the same cavity at the same frequency producing 
fields which are mutually perpendicular. By arranging them 
to have a 90* phase difference a rotating field can be 
produced which is especially efficient for implementing 
dynamic polarisation with a minimum of dissipation in the 



36,814 Bl 

16 

sample. Modes with similar field distributions for different 
shapes of cavities e.g. rectangular cavities are familiar to 
those skilled in the art. 
The composition may also be dispersed into a plurality of 

5 compartments during the dynamic nuclear polarisation step. 

Thus the composition might be typically divided into par- 
. allel channels provided, for example, by parallel separating 
plates, discs or tubes, typically open-ended tubes. The 
electric losses (eddy currents) in the composition caused by 
the magnetic field are decreased by dividing the composition 
into smaller volumes using electrically isolating barriers, 
preferably situated perpendicular to the field. If the compo- 
sition is in a cylindrical vessel surrounded by a dielectric 
resonator as described hereinbefore, the isolating barriers 
would be planes passing radially from the vessel axis to its 
wall. A simpler and more practical arrangement is to polarise 
the composition in a container which contains a plurality of 
thin- walled tubes of an isolating material such as quartz, 
glass or plastic. This has the advantage of reducing the 

2Q electric losses in the composition which allows a larger 
volume of composition to be polarised for the same applied 
electromagnetic power. The walls, the inner, outer or both of 
the mbes may similarly serve as the substrate onto which the 
OMRI contrast agent is bound so that pressiu^e applied to one 

25 end of the container may force the polarized, substantially 
OMRI contrast agent free, fluid high T^ agent fi-om the 
container, for example with a delivery line leading to the 
subject (patient) undergoing MR examination. 

It is envisaged that in the first embodiment of the method 

3Q according to the invention, use may be made of any known 
OMRI contrast agent capable of polarising a high T^ agent 
to an extent such that a diagnostically effective contrast 
enhancement, in the sample to which the high T^ agent is 
administered, is achieved. Where the OMRI contrast agent 

35 is a paramagnetic free radical, the radical may be conve- 
niently prepared in situ from a stable radical precursor by a 
conventional physical or chemical radical generation step 
shortly before polarisation, or alternatively by the use of 
ionising radiation. This is particularly important where the 
radical has a short half -life. In these cases, the radical will 
normally be non-reusable and may conveniently be dis- 
carded once the separation step of the method according to 
the invention has been completed. 
In solids, it is preferred to effect dynamic nuclear polari- 

45 sation by irradiating an electron spin at low temperature and 
high field. Specific examples of dynamic nuclear polarisa- 
tion of solid high Tj agents are: 

(1) 15N-Ala labelled T4-lysosome and 13C-Glycine in 
frozen aqueous solutions of 60:40 glycerol/water with 

50 the free radical 4-amino TEMPO as the source of 
electron polarisation (D. A. Hall, D. Maus, G. Gerfen 
and R. G. Griffin, Science, 1997), Enhancements of ca. 
50 and 100 were obtained, respectively, at 5 T and 40 
K; 

55 (2) Carboxy-13C labelled glycine in frozen aqueous solu- 
tion of 60:40 glycerol/water with TEMPO as the free 
radical. An enhancement of 185 at 5 T and 14 K was 
obtained (G, J. Gerfen, L. R. Becerra, D. A. Hall, R. G. 
Griffin, R, J. Temkin, D. J. Singel, J. Chem. Phys. 
60 102(24), 9494-9497 (1995); 

(3) Dynamic polarisation of protons and deuterons in 
1,2-ethanediol doped with complexes of Cr at 2.5 T. 
The obtained degree of polarisation is 80% (W. De 
Boer and T. O Niinikoski, Nucl. Instrum. Meth. 114, 
65 495 (1974). 

Preferably of course a chosen OMRI contrast agent will 
exhibit a long half -life (preferably at least one hour), long 
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relaxation times (T^^ and T^^), high relaxivity and a small 
number of ESR transition lines. Thus the paramagnetic 
oxygen-based, sulphur-based or carbon-based organic free 
radicals or magnetic particles referred to in WO-A-88/ 
10419, WO-A-90/00904, WO-A-91/12024, WO-A-93/ 
02711 or WO-A-96/39367 would be suitable OMRI contrast 
agents. 

However, OMRI contrast agents useful in the first 
embodiment of the present method are not limited to para- 
magnetic organic free radicals. Particles exhibiting the mag- 
netic properties of paramagnetism, superparamagnetism, 
ferro magnetism or ferri magnetism may also be useftil OMRI 
contrast agents, as may be other particles having associated 
free electrons. Superparamagnetic nanoparticles (eg. iron or 
iron oxide nanoparticles) may be particularly useful. Mag- 
netic particles have the advantages over organic free radicals 
of high stability and a strong electronic/nuclear spin cou- 
pling (i.e. high relaxivity) leading to greater Overhauser 
enhancement factors. 

For the purposes of administration, the high Tj agent 
should be preferably administered in the absence of the 
whole of, or substantially the whole of, the OMRI contrast 
agent Preferably at least 80% of the OMRI contrast agent is 
removed, particularly preferably 90% or more, especially 
preferably 95% or more, most especially 99% or more. In 
general, it is desirable to remove as much OMRI contrast 
agent as possible prior to administration to improve physi- 
ological tolerability and to increase T^. Thus preferred 
OMRI contrast agents for use in the first embodiment of the 
method according to the invention are those which can be 
conveniently and rapidly separated from the polarised high 
Ti MR imaging agent using known techniques as discussed 
below. However where the OMRI contrast agent is non- 
toxic, the separation step may be omitted. A solid (eg. 
frozen) composition comprising an OMRI contrast agent 
and a high Tj agent which has been subjected to polarisation 
may be rapidly dissolved in saline (eg. warm saline) and the 
mixture injected shortly thereafter. 

In the separation step of the first embodiment of the 
method of the invention, it is desirable to remove substan- 
tially the whole of the OMRI contrast agent from the 
composition (or at least to reduce it to physiologically 
tolerable levels) as rapidly as possible. Many physical and 
chemical separation or extraction techniques are known in 
the art and may be employed to eflfect rapid and eflScient 
separation of the OMRI contrast agent and high T^ agent. 
Clearly the more preferred separation techniques are those 
which can be effected rapidly and particularly those which 
allow separation in less than one second. In this respect, 
magnetic particles (eg. superparamagnetic particles) may be 
advantageously used as the OMRI contrast agent as it will be 
possfl>le to make use of the inherent magnetic properties of 
the particles to achieve rapid separation by known tech- 
niques. Similarly, where the OMRI contrast agent or the 
particle is bound to a solid bead, it may be conveniently 
separated from the liquid (i.e. if the solid bead is magnetic 
by an appropriately applied magnetic field). 

For ease of separation of the OMRI contrast agent and the 
high Tj agent, it is particularly preferred that the combina- 
tion of the two be a heterogeneous system, eg. a two phase 
liquid, a solid in liquid suspension or a relatively high 
surface area solid substrate within a liquid, eg. a solid in the 
form of beads fibres or sheets disposed within a Uquid phase 
high Tj agent. In all cases, the diffusion distance between the 
high Ti agent and OMRI contrast agent must be small 
enough to achieve an effective Overhauser enhancement. 
Certain OMRI contrast agents are inherently particulate in 
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nature, eg. the paramagnetic particles and superparamag- 
netic agents referred to above. Others may be immobilized 
on, absorbed in or coupled to a solid substrate or support (eg. 
an organic polymer or inorganic matrix such as a zeolite or 

5 a silicon material) by conventional means. Strong covalent 
binding between OMRI contrast agent and solid substrate or 
support will, in general, limit the effectiveness of the agent 
in achieving the desired Overhauser effect and so it is 
preferred that the binding, if any, between the OMRI con- 
trast agent and the solid support or substrate is weak so that 
the OMRI contrast agent is still capable of free rotation. The 
OMRI contrast agent may be bound to a water insoluble 
substrate/support prior to the polarisation or the OMRI 
contrast agent may be attached/bound to the substrate/ 
support after polarisation. The OMRI contrast agent may 
then be separated from the high Tj agent e.g. by filtration 
before administration. The OMRI contrast agent may also be 
bound to a water soluble macromolecule and the OMRI 
contrast agent-macromolecule may be separated from the 
high T^ agent before administration. 

20 Where the combination of an OMRI contrast agent and 
high Tj agent is a heterogeneous system, it will be possible 
to use the different physical properties of the phases to carry 
out separation by conventional techniques. For example, 
where one phase is aqueous and the other non-aqueous 

25 (solid or liquid) it may be possible to simply decani one 
phase from the other. Alternatively, where the OMRI con- 
trast agent is a solid or solid substrate (eg. a bead) suspended 
in a liquid high Tj agent the solid may be separated from the 
liquid by conventional means eg. fiUration, gravimetric, 

30 chromatographic or centrifugal means. It is also envisaged 
that the OMRI contrast agents may comprise lipophilic 
moieties and so be separated from the high T^ agent by 
passage over or through a fixed lipophihc medium or the 
OMRI contrast agent may be chemically bound to a lipo- 

35 philic solid bead. The high T^ agent may also be in a solid 
(eg. frozen) state during polarisation and in close contact 
with a solid OMRI contrast agent. After polarisation it may 
be dissolved in heated water or saline or melted and removed 
or separated from the OMRI contrast agent where the latter 

40 may be toxic and cannot be administered. 

One separation technique makes use of a cation exchange 
polymer and a cationic OMRI contrast agent, eg. a triaryl- 
methyl radical carrying pendant carboxylate groups. Alter- 
natively acidifying the solution to around pH 4 may cause 

45 the OMRI contrast agent to precipitate out. Separation may 
then be carried out for example by filtration followed by 
neutralisation. An alternative technique involves adding ions 
which causes precipitation of ionic OMRI agents which may 
then be filtered off. 

50 Certain OMRI contrast agents, such as the triarylmethyl 
radical, may have an affinity for proteins. Thus, after 
polarisation, a composition containing an OMRI contrast 
agent with a protein affinity may be passed through or over 
a protein in a form which exposes a large surface area to the 

55 agent eg. in particulate or surface bound form. In this way, 
binding of the OMRI contrast agent to the protein enables it 
to be removed from the composition. 

Alternatively when a hydrophilic high Tj agent is in a 
solid (eg. frozen) form it may be brought into contact with 

60 a hydrophobic OMRI contrast agent which is dissolved in an 
organic fluid with a melting temperature higher than the high 
Tj agent. The mixture is frozen and polarisation performed. 
After polarisation, the mixnire is heated and the solid OMRI 
contrast agent and its solvent are removed. The high Tj 

65 agent will remain hyperpolarised for a significant time in the 
frozen state and may be transported long distances before 
being dissolved in water or saline for injection. 
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In a second embodiment of the method according to the of a sample, preferably of a human or aon-buman animal 

invention, hyperpolarisation of the nuclei is effected by a body, said method comprising: 

hyperpolarisable gas. In this second embodiment, step (i) of i) producing solid hyperpolarised ^^^e by irradiating a 

the method according to the invention comprises: polarising agent whereby to cause dynamic nuclear polari- 

(a) hyperpolarising a hyperpolarisable gas before, during 5 sation. 

or after introducing a high Tj agent thereto whereby to In the above method said polarising agent is preferably a 

cause nuclear polarization of said high agent; substance containing an unpaired electron, for example 

(b) dissolving in a physiologically tolerable solvent said nitroxide, trityl, Cr(V), or the OMRI agents mentioned 
high Tj agent, above. 

and wherein said high agent is not limited to ^^C 10 Considerable interest has been generated in the novel 

enriched agents at one or more caibonyl or quater- technique of MR limg imaging using hyperpolarised gases 

nary carbon positions such as ^He and ^^®Xe as inhaled contrast media. However, 

By hyperpolarisable gas is meant a gas with a non-zero the production of these gases in their hyperpolarised form is 

spin angular momentum capable of undergoing an electron labourious and time consuming. At the present time, ^He, 

transition to an excited electron state and thereafter of 15 where most of the interest is today, can be generated at a rate 

decaying back to the ground state. of a few liters an hour. However, if the hyperpolarisation 

Depending on the transition that is optically pumped and could be done in the liquid or solid phase, much higher 

the helicity of the hght a positive or negative spin hyper- production rates would be possible. Using only "brute 

polarisation may be achieved (up to 100%). Examples of force", i.e. milliKelvin temperatures and >10T, fields would 

gases suitable for use in the second embodiment of the 20 be an extremely costly method, however, "double brute 

method of the invention include the noble gases He (eg. ^He force", i.e. irradiation of frozen Xe in the presence of a free 

or "^He) and Xe (eg. ^^Xe) preferably He, particulariy radical (metal ion, trityl radical, nitroxide, etc.) at a com- 

preferably ^He. Alkali metal vapours may also be used eg. paratively moderate temperature (a few K) would be a more 

Na, K, Rb, Cs vapours. Mixtures of the gases may also be practical method. The radical would be added either in pure 

used or the hyperolarisable gas may be used in liquid or solid 25 form or bound to a matrix. After the irradiation had been 

form. The term hyperpolarisable gas also covers any gas carried out, heating of the sample would release the hyper- 

with non-zero nuclear spin which may be polarised by polarised gas and a new batch of Xe could be condensed and 

optical pumping and is preferably ^^^Xe or ^He. irradiated. Since the hyperpolarisation in this case is carried 

It will be appreciated that in the second embodiment of out on solid Xe, the possibilities of producing large amounts 

the invention, the hyperpolarised gas may transfer polarisa- 30 of gas would be considerable. 

tion to the nuclear spin system of a high T^ agent directly or The main relaxation mechanism for solid ^^*Xe is spin 

. indirectly. Where the high Tj agent is to be polarised exchange with the rapidly relaxing ^^^Xe, the major com- 

indirectly by water vapour, it may be advantageously water - ponent in natural xenon. The magnetogyric ratio of ^^^Xe 

soluble. and ^^^Xe differs by a factor of four. Normally the line 

For the purposes of polarisation according to the second 35 widths of the resonances of solids are on the order of a few 

embodiment of the invention, the high T^ agent may be kHz. When the difference in Larmor frequency is on the 

generally in gaseous, liquid or solid form. same order as the line width, the polarisation of the nuclei 

Where the high T^ agent is polarised whilst in a gaseous will rapidly equilibrate. Assuming that we have a cold 

state, it is convenient (for the purposes of separation firom (colder than the freezing point of xenon, around 150 K, 

the hyperpolarised gas and of administration) to be able to 40 depending on the pressure), finely divided (some microme- 

rapidly convert it into a liquid or solid. This has the added ters grain size), sample of a ^^C labelled substance with a 

benefit of significantly increasing T^. Thus removing the longT^ in the solid and allow hyperpolarised xenon to form 

elevated pressure and temperature imposed on the gas frost on the powder. If this operation is performed in a 

mixture will lead to rapid cooling and condensation. Yet magnetic field of suitable strength the ^^Xe and the 13C 

further cooling is possible by, for example, contacting the 45 will overlap and Xe-C spin flip-flops wiU be efficient, 

polarised high T^ agent with a cold surface. equilibrating the polarisation between xenon and carbon. 

In a preferred embodiment, a hyperpolarised fluid eg. The xenon can then be pumped off and the process repeated 

^^^Xe at elevated pressure and/or low temperature is passed until a suitable level of polarisation is achieved. What the 

through a column of solid ^^C enriched and/or enriched suitable field strength is depends on the exact lineshapes but 

high Tj agent until steady state polarisation of the solid is 50 assuming line widths on the order of 5-10 kHz, which is 

almost achieved. In general any of the above-mentioned ^^C quite normal for solids, the optimum field is around 10 mT, 

enriched agents may be used. typically the field on the outside of an NMR-magnet or a 

In another preferred embodiment, a hyperpolarised gas is small toy magnet. The basis for this is that the centre 

frozen/crystallisedonthesolid/frozensurfaceof a solid high frequency of the line is field dependent whereas the lin- 

T] agent which has been prepared with as large a surface 55 e width is essentially independent of the field, 

area as possible. The mixture may be transported before FIG. 3 shows the behaviour of such a system at various 

warm administrable media (eg. saline) is added and physi- field strengths. One important factor to take into account is 

ological temperature reached before injection. that all the nuclei in the sample must be taken into consid- 

^^^e gas can be produced in a highly spin polarised state eration. This method will work for transfer from ^^^Xe to 

in macroscopic quantities. Due to the limited solubility and 60 ^^C and possibly to ^Si but it is not expected to work with 

inert nature of xenon there is interest in transferring the ^^N which has a resonance frequency that is closer to ^^^Xe 

polarisation to other nuclei. than to ^^^Xe. There will be interference from quadrupolar 

It can also be produced by irradiating a polarising agent, nuclei like ^Na, '''Br, ®^Br, ^^''l and a number of transition 

e.g. with an electron spin resonance transition stimulating metals, all having resonance frequencies similar to carbon, 

radiation (e.g. microwave radiation). This forms la further 65 In order to generate a hyperpolarised gas, the gas is first 

aspect of the invention. Viewed from this aspect the inven- subjected to a discharge or other means of excitation (eg. an 

tion provides a method of magnetic resonance investigation appropriate radiofrequency) which creates a metastable 



8/30/05, EAST Version: 2.0,1.-4 



us 6,466, 

21 

unpaired electron spin state and is then optically (eg. laser) 
pumped at an appropriate frequency to create electron 
hyperpolarisalion. The various methods for achieving this 
are well known to those skilled in the art or are described in 
inter aha U.S. Pat. No. 5545396. 5 

Preferred hyperpolarisable gases for use in the second 
embodiment of the method according to the invention are 
those which can be conveniently and rapidly separated from 
the polarised high agent. Noble gases are particularly 
usefril given their very low boiling points and inertness, lo 
Preferably the chosen gas will exhibit a long hyperpolaris- 
abihty half-life (preferably at least 1000 s, particularly 
preferably at least 4000 s and especially preferably 8000 s or 
more). 

A hyperpolarised gas may, if desired, be stored for 15 
extended periods of time in a hyperpolarised state. This is 
achieved by maintaining the gas at very low temperatures, 
preferably in a frozen state. 

For ease of separation of the hyperpolarisable gas and the 
high Tj agent, the combination of the two may be advan- 20 
tageously a heterogeneous system, eg. the high T^ agent is 
a solid at ambient temperatures. In all cases, the diffusion 
distance between the high T^ agent and gas, fluid or solid 
must be small enough to achieve an effective polarisation. 

In the separation step of the second embodiment of the 25 
method of the invention, it is desirable to remove substan- 
tially the whole of the hjfperpolarisable gas from the com- 
position (or at least to reduce it to physiologically tolerable 
levels) as rapidly as possible. If desired, the gas may be 
reused which may be an important consideration given the 30 
expense of noble gases. Many physical and chemical sepa- 
ration or extraction techniques known in the art may be 
employed to effect rapid and efiScient separation of the 
hyperpolarisable gas and high Tj agent. Clearly the more 
preferred separation techniques are those which can be 35 
effected rapidly and particularly those which allow separa- 
tion in a fraction of the relaxation time of the high 
agent. 

In a third embodiment of the method of the invention, 
hypeipolarisation of the MR imaging nuclei is effected by 40 
the use of a high field as descr&ed in U.S. Pat. No. 5,479,925 
(GEC) and U.S. Pal. No. 5,617,859 (GEC). U.S. Pat. No. 
5,479,925 discloses a method for generating MR angio- 
granis in which a contrast agent is passed through a small, 
high field polarising magnet ex vivo, in order to generate a 45 
high longitudinal magnetisation in the agent prior to its 
administration to the subject. There is however no mention 
or suggestion of the use of high Tj agents to achieve an 
improved effect. 

Generally speaking, polarisation of an MR imaging nuclei so 
may be achieved by thermodynamic equilibration at low 
temperature and high magnetic field. Where the contrast 
medium to be administered is a solid material (e.g. 
crystalline), it may be introduced into a magnetic field at 
very low temperature. Under these conditions, Tj is very 55 
long (typically many hours or months) and consequently it 
takes an unacceptably long time for the medium to reach 
thermodynamic equilibrium. Thus if the contrast medium 
undergoes small movements in the gradient field for 
example by exposure to a magnetic field gradient and 60 
ultrasound or by relative movement within the gradient field, 
Tj will drop. When thermodynamic equilibrium is attained, 
all nuclei in the contrast medium will be highly polarised 
relative to room temperature and to nonnal magnetic fields 
used in MRI. This procedure has the advantage of allowing 65 
the contrast medium to be removed from the magnet and 
transported in a "ready-to-use'* form to the place where it is 
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to be used. Preferably but not essentially transport may take 
place at a relatively low temperature (e.g. at liquid niUt)gen 
temperature). The T^ of the high T^ solid contrast medium 
will be long enough to allow transport at ambient tempera- 
ture before use. 

One of the main obstacles in using so-called 'brute force' 
polarisation as a method for hyperpolarising samples are the 
long T^ values at low temperatures and high fields, typicaUy 
several weeks at temperatures below 1 K. However it has 
been found that it is possible to utilise the non-linear field 
dependence of Tj to shorten the time necessary for relax- 
ation by a gradual increase of the external magnetic field. 

As stated above, it is of great interest to obtain hyperpo- 
larised injectable contrast agents. Theoretically, the simplest 
way of obtaining a highly spin-polarised material is to cool 
it to a very low temperature in a strong magnetic field and 
let the sample reach thermal equilibrium. The major prac- 
tical problem in using this technique is the time required for 
the thermal equilibration to occur. At temperatures below 1 
K the time constant for that process, T^, might beon the order 
of weeks. 

The time constant of nuclear longitudinal relaxation, T^, 
shows a quadratic dependence on the field strength in solid 
materials: 

Where Tj ^ is the time constant for relaxation at no 
external magnetic field, c is a constant, and B is the external 
magnetic field. 

The rate of magnetisation of the sample, dM/dt, at a given 
field strength will then be given by: 

Where M,^ is the magnetisation of the sample after 
complete relaxation at the final field. Since the field- 
dependence of the time constant is non-linear, it will be 
possible to obtain a larger magnetisation at a given time by 
constantly tuning the external magnetic field so that the rate 
of magnetisation all the time is as big as possible. The 
example shown in attached FIGS. 4 and 5 was chosen to 
simulate the behaviour of the carbonyl carbon in solid 
sodium acetate. The T^ at 7 T is 1700 seconds and the T^^q 
is about 5 seconds. The time to reach the same degree of 
magnetisation as after 1700 seconds at a constant field of 7 
T, is reduced to 1390 seconds, a reduction of almost 20%, 
which could easily reduce the equilibration time by one 
week at milliKelvin temperatures. The optimised field-ramp 
is shown in FIG. 4, whilst FIG. 5 shows the expected values 
from a numerical integration of the equation for dM/dt given 
above. This process will be applicable for all nuclei with 
spin but will be most interesting with compounds with long 
Tj values 

As stated above, one of the main obstacles in using 
so-called 'brute force' polarisation as a method for hyper- 
polarising samples is the long T^ values found at low 
temperatures and high fields, typically several weeks at 
temperatures below 1 K. It is possible to use the technique 
of low-field matching to increase the relaxation rate and the 
degree of polarisation of the nuclear spins in sohds at low 
temperature. This has the additional advantage that a brute 
force polariser does not need to possess any radio frequency 
electronics. 

It is well known that different nuclei in the same molecule 
will relax with different time constants. A way of speeding 
up the polarisation of the interesting ^^C nucleus and at the 
same time obtaining a better polarisation is to use cross- 
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polarisation from the quickly relaxing proton to the slowly 
relaxing carbon, a method routinely used in solid-state NMR 
spectroscopy. Due to the big difference in magnetogyric 
ratio between the proton and ^^C, the energy difference is 
large and hence the polarisation transfer slow, llie magne- 
togyric ratio of the proton is roughly a factor of four larger 
than that of carbon. The situation can be improved by 
utilising the procedure of spin locking under Hartman-Hahn 
conditions. Spin-bck (QO^-long pulse,) at both nuclei with 
the amplitude (B J of the long pulse satisfying the Hartman- 
Hahn condition: 

where yH is the magnetogyric ratio of hydrogen, yC is the 
magnetogyric ratio of carbon, Bj^ is the proton excitation 
- field and B^^ is the carbon excitation field. 

Hiis allows for mutually matched flip-flops of the spins. 
Since this is a spin-spin process, it usually occurs on time 
scales from about 100 ;is to a few ms. 

One problem with this is that radiofrequcncy electronics 
are required and furthermore the homogeneity of the mag- 
netic field must be high enough to allow precise pulse 
angles. A way to circumvent this problem is the following. 

A crude way of stating the Hartman-Hahn condition is to 
say that spin diffusion is efficient when the resonance lines 
of the two nuclei overlap. Assume the substrate to be a solid 
material with a haff-height line width of 5 kHz. This 
linewidth is caused by dipolar coupling and is independent 
of the external field. The Hartman-Hahn condition is now 
restated as follows. Efficient spin-diffusion takes place when 
the maxima of the two resonances are separated by less than 
the sum of their half-height line-widths. The field where this 
condition is fulfilled is derived as follows. 

The resonance frequency, v is given by: 

y^B^ (1) 

where y is the magnetogyric ratio, and is the external 
magnetic field. The required separation, v, was 5 kHz: 

>"-V/r-Vc-5000 s"^ (2) 

Combination of equation (1) and (2) gives: 

which can be rewritten as: 

This field is within a factor 3 of the earth's magnetic field 
which means that if the sample is removed from the pola- 
rising magnet for a few seconds the polarisation will equili- 
brate between carbon and hydrogen on a time scale similar 
to Tj so there will be plenty of time to put the sample back 
into the magnet again before the T] relaxation becomes 
significant, even if it has to be kept in mind that the T^ 
shortens dramatically for solids in low fields. It will, 
however, never be as short as the Tj. 

This procedure can be repeated after the protons have 
repolarised again, successively building up the carbon 
polarisation until the spin-temperature of the two nuclei 
become the same. The protons in solid sodium acetate has, 
at room temperature, a Tj of 31 s whilst the T^ of the 
carbonyl carbon in the same sample is 1700 s. If this 
difference could be used completely there would be a 
shortening of the polarisation time by a factor of 55. 
Generally fluorine. relaxes even faster than protons and it 
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would be possible to include a fluorine atom in the contrast 
agent molecule as an internal relaxation agent. 

It is also possible to use quadnipolar nuclei for this 
process. The sodium ions in solid sodium acetate have a Tj 

5 of 1.7 s at room temperature. Sodium has a magnetogyric 
ratio only slightly higher than carbon which means that 
equilibration occurs at a much higher field, in this case at 8.9 
mT, a field found about 15 cm above the Dewar of a 7 T 
NMR magnet. This is of great help for rapid polarisation of 
samples at low temperature, but is also a problem in the 
storage of polarised samples. The magnetic storage field 
must be large enough to avoid overlap of the resonances of 
the wanted nucleus and any rapidly relaxing quadnipolar 
nuclei. It is known that this phenomenon causes the rapid 
relaxation of frozen ^^^e in a low field, when spin diffusion 

^5 to the quadnipolar "^Xe becomes efficient. 

There is also the possibility of transferring polarisation 
from unpaired electrons to carbon. Due to the great differ- 
ence in magnetogyric ratios this requires a field much lower 
than the earth magnetic field to become ef&cient. Such a low 

20 field requires that the sample be moved to a magnetically 
shielded area. One way of achieving this is to have a small 
magnet with opposite polarity some distance along the 
polarity axis of the main coil. With careful design the fields 
can be made to cancel in the centre of the small magnet. 

25 The magnetic field strength used in this third embodiment 
of the invention should be as high as possible, preferably >1 
T, more preferably 5 T or more, especially preferably 15 T 
or more. The temperature should be very low e.g. 100 K or 
less, preferably 4.2 K or less, more preferably 1 K or less, 

30 even more preferably 0.1 K or less, especially preferably 1 
mK or less. 

Thus viewed from a further aspect the present invention 
provides a method for preparing polarised high T^ agents, 
said method comprising the polarisation stages of: 
35 (a) subjecting a high T, agent to a high magnetic field 
(e.g. 1 T or more) at low temperature (e.g. 100 K or 
less); 

(b) exposing the agent to a T^ shortening effect in order 
to attain thermodynamic equilibrium at said low tem- 

40 perature. 

The Ti shortening effect may be provided by exposure to 
a variable magnetic field gradient but it may also be 
achieved by adding magnetic material (e.g. paramagnetic, 
superparamagnetic or ferromagnetic materials) to the agent 

45 during the period when the agent is exposed to low 
temperature, field cycling to a field allowing cross 
polarisation, gradually increasing the magnetic field at such 
a rate that the increase in polarisation of the high T^ agent 
is maximised, gradually decreasing the temperature at such 

50 a rate that the increase in polarisation of the high T^ agent 
is maximised, or adding a material with unpaired electrons 
during the period when the high T^ agent is exposed to said 
low temperature. Possible Tl shortening agents include Gd 
and NO but preferred T^ shortening, agents are Oj and NO 

55 which may be conveniently separated from the high T^ agent 
before transportation and subsequent use. 

In the third embodiment of the invention, both the high Tj 
agent and the aqueous solvent (eg. water) in which it is 
dissolved may be polarised. This may be carried out at low 

60 temperature conveniently in the same magnetic field and 
after mixing the adminstrable composition should be 
warmed very rapidly prior to administration. 

Thus viewed from a further aspect, the present invention 
provides an administrable composition comprising a 

65 polarised high Tj agent and polarised water. 

The high T] agents used in the method according to the 
invention may be conveniently formulated with conven- 
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tional pharmaceutical or veterinary carriers or excipienls. The invention is illustrated with reference to the following 

Formulations manufactured or used according to this inven- non-limiting Examples and the accompanying drawings in 

tion may contain, besides the high agent, formulation aids which: 

such as are conventional for therapeutic and diagnostic plG. 1 is a schematic representation of an apparatus 

compositions in human or veterinary medicine. Thus the 5 suitable for carrying out the first embodiment of the inven- 

formulation may for example include stabilizers, j^qq. 

antioxidants osmolality adjusting agents solubilizing 3 shows a dielectric resonator (1) (with an axis of 

agents emulsifiers viscosity enhancers buffers, etc The ^^^^^^^^^ symmetry (2)) within a metal box (3); . 

formulation may be in forms su, able for parenteral (eg 3 behaviour of a system at various field 

mtravenous or mtraarterial) or enteral (eg. oral or rectal) t« p*u . 

application, for example for application directly into body ^ c?^? 1. u -u r 

cavities having external voidan^ ducts (such as the lungs, F G. 4 shows a bmld-up of magnetisation versus tim^ 

the gastrointestinal tract, the bladder and the uterus), or for ^ magnetic field versus time, 

injection or infusion into the cardiovascular system. How- EXAMPLE 1 
ever solutions, suspensions and dispersions in physiological 

tolerable carriers will generally be preferred. A high Tj agent is placed in a chamber at very low 
For use in in vivo imaging, the formulation, which temperature (about 4 K). Fluent O2 is added and crystallised 
preferably will be substantially isotonic, may conveniently on the surface of the high Tj agent. In a separate chamber, 
be administered at a concentration sufficient to yield a 1 frozen HjO is subjected to the same treatment as the high Tj 
micromolar to lOM concentration of the high T^ agent in the agent. Both chambers are placed in a strong magnetic field 
imaging zone; however the precise concentration and dosage 20 (about 15 T) and the temperature kept low. 
will of course depend upon a range of factors such as when thermodynamic equilibrium is reached, the tern- 
toxicity, the organ targeting abiHty of the high T^ agent and perature is increased to about 200 K. The oxygen disappears 
the administrauon route. The optimum concentration for the as a gas. The high T^ agent and the frozen H^O are mixed 
MR imagmg agent represents a balance between various and stored until needed. The temperature is increased and 
factois. In general, optimum concentrations would in most 25 the solution comprising polarised high T, agent and hyper- 
cases he m the range 0.1 mM to lOM, preferably more than polarised water is injected. 
10 mM, especially more than 100 mM. Isotonic solution 

rnay be especially preferred. In certain circumstances con- EXAMPLE 2 

centrations above IM are preferred. Formulations for intra- 300 mg of sterile Na^^^CO, or NaH^^CO, is placed inside 

venous or intraartend admmistraUon would preferably con- 30 , ^^^^ ^^^^^ .^.^^ 

tain the high T, agent m concentraUons of 10 mM to lOM, ^ .^^^^ed with >20% oxygen The sjringe is placed inside 

especially more than 50 mM^ For bolus mjection the con- , ^ ^ ^.jO T) at a temperature of about 4 K (0.001-5 

centration may conveniently be OA mM to 56M preferably until thermodynamic equih-brium is reached, 

more than 200 mM, more preferably more than 500 mM. In ' . . ; , , , . . 

certain circumstances, the preferred concentration is above 35 , The syrmge^ removed and transported 

IM, even more preferably above 5M. Jl? the MRI magnet. 10 ml of stenle Ringers Solution 

Parenterally administrable forms should of cou^e be P"7;^) aspirated and mjected at a rate of 10 

sterile and free from physiologically unacceptable agents. T^^^'T f ^ ^^^b T, agent has dissolved, 

and should have low osmolality to minimize irritation or IfJ^^^ 't?"^T TV f.^^J^- "^Tu' 

other adverse effects upon administration and thus the 40 ""^"J ^0 s and the distribution of the agent ,s 

formulation should preferably be isotonic or slightly hyper- f°"owed on the MR imager, 

tonic. Suitable vehicles include aqueous vehicles customar- EXAMPLE 3 

ily used for administering parenteral solutions such as ™ , , .. i3_. . . 

Sodium Chloride solution. Ringer's solution. Dextrose Tp^^I I'^f'iT ""^fj^' 

solution. Dextrose and Sodium Chloride solution, Lactated 45 Y-bisphenyl-P-phenylallyl benzene complex (5% w/w). The 

Ringer's solution and other solutions such as are described ^'^ff together to give an intmiate mixture, 

in Remington's Pharmaceutical Sciences, 15th ed., Easton: ^ transferred to a borosilicate glass ampule Jhis is 

Mack Publishing Co., pp. 1405-1412 and 1461-1487 (1975) ^!^'° repeatedly evacuated and filled with hehuna. The last 

and The National Formulary XIV, 14th ed. Washington: t ^'^^''^f ' ^00 mbar of hehum is left m the ampule, 

American Pharmaceutical Association (1975). The compo- 50 ^ ^^"'^ 

sitions can contain preservatives, antimicrobial agents, buff- sample is polarized by microwaves (70 GHz) for at 

ers and antioxidants conventionally used for parenteral ^^^^^ ^^^^ ^ ^^^^ ^,5 T at a temperature of 4.2 K. 

solutions, exdpients and other additives which are compat- progress of the polarization process is foUowed by in 

ible with the high T^ agents and which will not interfere with ^MR (fast adiabatic passage). When a suitable level of 

the manufacture, storage or use of the products. 55 polarization has been reached, the ampule is rapidly 

Where the high Tj agent is to be injected, it may be removed from the polarizer and, >^ile handled in a magnetic 

convenient to inject simultaneously at a series of adminis- ^^^^^ °° ""^^ cracked open and the contents 

tration sites such that a greater proportion of the vascular quickly discharged and dissolved in warm (40** C.) water, 

tree may be visualized before the polarization is lost through Experiment 1: This solution is quickly transferred to a 

relaxation. 60 spectrometer and ^^C spectrum with enhanced intensity 

The dosages of the high Tj agent used according to the is recorded, 

method of the present invention will vary according to the Experiment 2: The sample solution is inserted into an 

precise nature of the high Tj agents used, of the tissue or MRI machine with ^^C capability and a picture with 

organ of interest and of the measuring apparatus. Preferably enhanced intensity and contrast is obtained by a single 

the dosage should be kept as low as possible while still 65 shot technique. 

achieving a detectable contrast effect. In general, the maxi- Experiment 3: The solution is quickly injected into a rat 

mum dosage will depend on toxicity constraints. and a "C MRI picture with enhanced intensity and 



8/30/05. EAST Version: 2.0.1.4 



27 

contrast is obtained, also in this case, by utilization of 
a single shot technique. 

EXAMPLE 4 



10 



To a sample of sodium bicarbonate — ^^C is added MnClj 
(5% w/w). The compounds are milled together to give an 
intimate mixture, which is transferred to a borosilicate glass 
ampule. This is then repeatedly evacuated and filled with 
helium. The last time a pressure of a 200 mbar of helium is 
left in the ampule, which is then flame sealed. 

The sample is polarized by microwaves (70 GHz) for at 
least 1 hour at a field of 2.5 T at a temperature of 4.2 K. The 
progress of the polarization process is followed by in situ 
NMR (fast adiabatic passage). When a suitable level of 
polarization has been reached, the ampule is rapidly 
removed from the polarizer and, while handled in a magnetic 
field of no less than 50 mT, cracked open and the contents 
are quickly discharged and dissolved in warm (40** C.) water. 

Experiment 1: This solution is quickly transferred to a 
spectrometer and ^^C spectrum with enhanced intensity 
is recorded. 

Experiment 2: The sample solution is inserted into an 
MRI machine with ^^C capability and a picture with 
enhanced intensity and contrast is obtained by a single 25 
shot technique. 

Experiment 3: The solution is quickly injected into a rat 
and a ^^C MRI picture with enhanced intensity and 
contrast is obtained, also in this case, by utilization of 
a single shot technique. 
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EXAMPLE 7 

A sample of solid 2-"C-2,2-bis(trideuteromethyl)-l,l,3, 
3-tetradeuteropropane-l,3-diol was subjected to a magnetic 
field of 6.56 T at a temperature of 2.5 K for 10 minutes. The 
sample was then removed from the centre of the magnet to 
the stray field (7 mT) for a duration 1 s and then returned to 
the magnet. After another 10 minutes the process was 
repeated once more. An 13C-NMR spectrum of the solid 
sample was recorded and the signal was found to be in 
accordance with thermal equilibrium at 6.56 T and 2.5 K. 
Tl-values for the ^^C atom in 2-^^C-2,2-bis 
(trideuteromethyl)-l,133-tetradeuteFOpropane-13-diol 



15 



20 



HjO, air saturated, 37* C, 7 T 
H2O, degassed, 37*' C, 7 T 
Human bloodplasma, 37* C, 7 T 
Sola. 20" C. 7 T 
Solid, 2.5 K, 7 T 



133 s 
157 s 

96 s 
237 s 

45 hours 



EXAMPLES 5-7 
Low-field Pumping of ^^C 

EXAMPLE 5 

A sample of solid l-^^C-2,2,2',2',2",2"-hexadeuterotris 
(hydroxymethyl)nitromethane was subjected to a magnetic 
field of 6.56 T at a temperature of 2.5 K for 10 minutes. The 
sample was then removed from the centre of the magnet to 
the stray field (7 mT) for a duration 1 s and then returned to 40 
the magnet. After another 10 minutes the process was 
repeated one more. An ^^C-NMR spectrum of the solid 
sample was recorded and the signal was found to be in 
accordance with thermal equilibrium at 6,56 T and 2.5 K. 
Tj-values for the ^^C atom in l-^^C-2,2,2',2',2",2"- 45 
hexadeuterotris(hydroxymethyl)nitromethane 



EXAMPLES 8-9 
Solution Experiments 

EXAMPLE 8 

A sample of solid l-^^C-2,2,2',2',2",2"-hexadeuterotris 
(hydroxymethyl)nitromethane (20 mg) was subjected to the 
above-mentioned pumping procedure (see Examples 5-7) 
and then in less than 1 second moved to a holding field of 
30 0.4 T where also a sample of deuterium oxide (3 ml) at a 
temperature of 40** C, stirred by nitrogen bubbling, was 
kept. The solid was added to the liquid and a clear solution 
was obtained in less than 1 S. This solution was pipetted 
over to a 5 mm standard NMR-sampIe tube and moved to a 
35 nearby NMR-spectrometer while kept in a holding field of 
10 mT. The sample was inserted into the spectrometer and 



H2O, air saturated, 3T* C, 7 T 95 8 

H2O, degassed, 37* C, 7 T 102 s 

Human bloodplasma, 37" C, 7 T 60 s 

Solid, 20** C, 7 T 22 min 

Solid, -30'' C, 7 T 47 min 

Solid, 2.5 K, 7 T 55 hours 



50 



55 



EXAMPLE 6 

A sample of solid 
(h ydroxy dideule rometh yl) 



2,2,3,3- 



1,1-bis 



a ^^C-spectrum was recorded. The whole process of moving 
the sample out of the cryomagnet, dissolution, sample 
preparation, transport and spectroscopy took 35 s. The 
intensity of the ^ C-signal was compared to the intensity 
after the sample had reached thermal equilibrium at 40^ C. 
and 7 T. An enhancement factor of 12 was fouind. 

EXAMPLE 9 

A sample of solid 2-^^C-2,2-bis(trideuteromethyl)-l,13, 
3-tetradeuteropropane-l,3-diol (20 mg) was subjected to the 
above-mentioned pumping procedure (see Examples 5-7) 
and then in less than 1 second moved to a holding field of 
0.4 T where also a sample of deuterium oxide (3 ml) at a 
temperature of 40° C, stirred by nitrogen bubbling, was 
kept. The solid was added to the liquid and a clear solution 
was obtained in less than 1 S. This solution was pipetted 
over to a 5 mm standard NMR-sample tube and moveid to a 
nearby NMR-spectrometer while kept in a holding field of 
10 mT. The sample was inserted into the spectrometer and 
a ^^C-spectnun was recorded. The whole process of moving 
the sample out of the cryomagnet, dissolution, sample 
preparation, transport and spectroscopy took 35 s. The 
intensity of the ^^C-signal was compared to the intensity 



tetradeulerocyclopropane was subjected to a magnetic field 60 after the sample had reached thermal equilibriimi at 40* C. 



of 6.56 T at a temperature of 2.5 K for 10 minutes. The 
sample was then removed from the centre of the magnet to 
the stray field (7 mT) for a duration of 1 s and then returned 
to the magnet. After another 10 minutes the process was 
repeated one more. A ^^C-NMR spectrum of the solid 65 
sample was recorded and the signal was found to be in 
accordance with thermal equilibrium at 6.56 T and 2.5 K. 



and 7 T An enhancement factor of 21 was found. 
What is claimed is: 

1. A method of magnetic resonance (MR) investigation of 
a sample, said method comprising: 
(i) producing a hyperpolarised solution of a high T^ agent 
by dissolving in a physiologically tolerable solvent a 
hyperpolarised solid sample of said high T^ agent; 
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(ii) where the hyperpolarisation of the solid sample of said 
high Tj agent in step (i) is effected by means of a 
polarising agent, optionally separating the whole, sub- 
stantially the whole, or a portion of said polarising 
agent from said high Ti agent; 

(iii) administering said hypeipolarised solution to said 
sample; 

(iv) exposing said sample to radiation of a frequency 
selected to excite nuclear spin transitions in an MR 
imaging nuclei of the high agent; 

(v) detecting magnetic resonance signals from said 
sample; and 

(vi) optionally, generating an image, dynamic flow data, 
dif^ion data, perfusion data, physiological data or 
metabolic data from said detected signals, 

wherein said high agent in said byperpolarised solution 
has a Tj value (at a field strength in the range 0.01-5 
T and a temperature in the range 20-40* C.) of at least 
5 seconds and wherein said high agent is 
enriched at one or more carbonyl or quaternary carbon 
positions. 

2. A method as claimed in claim 1 wherein said high Tj 
agent or the byperpolarised solution thus formed is trans- 
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(iii) administering said hyperpolarised solution to said 

sample; 

(iv) exposing said sample to radiation of a frequency 
selected to excite nuclear spin transitions in an MR 
imaging nuclei of the high Tj agent; 

(v) detecting magnetic resonance signals from said 
sample; and 

(vi) optionally, generating an image, dynamic flow data, 
difi^sion data, perfusion data, physiological data or 
metabolic data from said detected signals, 

wherein said high agent in said hyperpolarised solution 
has a value (at a field strength in the range 0.01-5 
T and a temperature in the range 20-40® C.) of at least 
5 seconds, 

and wherein step i) comprises polarising a hyperpolaris- 
able gas before, during or after introducing said high Tj 
agent thereto whereby to cause nuclear polarisation of 
said high agent. 

15. A method as claimed in claim 14 wherein said high Tj 
agent has a Tj value (at a field strength of 0.01-5T and a 
temperature in the range 20-40** C.) of at least 10 sees. 

16. A method as claimed in claim 14 wherein said high 
agent contains '^C, '^N, ^^Si, ^^P, or '^F nuclei. 

17. A method as claimed in claim 16 wherein said high Tj 



ported in a magnetic field and at low temperature between ,5 "^ent is C enriched at one or more carbonyl or quaternary 



Steps (i) and (ii) and such that said agent or said solution 
retains its polarisation during said transportation. 

3. A method as claimed in claim 2 wherein the magnetic 
field during said transportation is greater than 10 mT. 

4. A method as claimed in claim 2 wherein the magnetic 
field during said transportation is greater than 1 T. 

5. A method as claimed in claim 2 wherein the tempera- 
ture during said transportation is lower than 80 K. 

6. A method as claimed in claim 1 wherein during said 
dissolution step (i), the high Tj agent is soluble in said 
physiologically tolerable solvent to a concentration of at 
least 1 mM at a rale of 1 mM/3 T^. 

7. A method as claimed in claim 6 wherein said high 
agent is soluble in said physiologically tolerable solvent to 
a concentration of at least 1 mM at a rate of 1 mM/T^. 

8. A method as claimed in claim 1 wherein a magnetic 
field is present during the dissolution stage and wherein said 
magnetic field is greater than 10 mT. 

9. A method as claimed in claim 1 wherein step (i) 
comprises polarising a solid high agent by irradiating a 
polarising agent whereby to cause dynamic nuclear polari- 
sation. 

10. A method as claimed in claim 1 wherein said high 
agent has a Ti value (at a field strength of 0.01-5 T and a 
temperature in the range 20-40° C.) of at least 10 sees. 

11. A method as claimed in claim 1 wherein said high 
agent exhibits a cheniical shift of more than 2 ppm per 2 pH 
units. 

12. A method as claimed in claim 11 wherein said 
chemical shift is per Kelvin. 

13. A method as claimed in claim 11 wherein said 
chemical shift is upon being metabolised. 

14. A method of magnetic resonance (MR) investigation 
of a sample, said method comprising: 

(i) producing a hyperpolarised solution of a high Tj agent 60 
by dissolving in a physiologically tolerable solvent a 
hyperpolarised solid sample of said high agent; 

(ii) where the hyperpolarisation of the solid sample of said 
high Ti agent in step (i) is effected by means of a 
polarising agent, separating the whole, substantially the 65 
whole, or a portion of said polarising agent from said 
high Ti agent; 
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carbon positions. 

18. A method as claimed in claim 14 wherein said high T^ 
agent exhibits a chemical shift of more than 2 ppm per 2 pH 

units. 

19. A method as claimed in claim 18 wherein said 
chemical shift is per Kelvin. 

20. A method as claimed in claim 18 wherein said 
chemical shift is upon being metabolised. 

21. A method as claimed in claim 14 wherein said high T^ 
agent has ^^C or ^^N or ^Si at one particular position in its 
molecular structure in an amount above 5%. 

22. A method as claimed in claim 14 wherein said high T^ 
agent has ^^C or ^^N or ^'Si at one particular position in its 
molecular structure in an amount above 99%. 

23. A method as claimed in claim 14 wherein said 
hyperpolarisable gas is a noble gas. 

24. A method as claimed in claim 14 wherein said 
hyperpolarisable gas is a mixture of two or more gases. 

25. A method of magnetic resonance (MR) investigation 
of a sample, said method comprising: 

(i) producing a hyperpolarised solution of a high T^ agent 
by dissolving in a physiologically tolerable solvent a 
hyperpolarised solid sample of said high T^ agent; 

(ii) where the hyperpolarisation of the solid sample of said 
high Tj agent in step (i) is effected by means of a 
polarising agent, optionally separating the whole, sub- 
stantially the whole, or a portion of said polarising 
agent from said high T^ agent; 

(iii) administering said hyperpolarised solution to said 
sample; 

(iv) exposing said sample to radiation of a frequency 
selected to excite nuclear spin transitions in an MR 
imaging nuclei of the high T^ agent; 

(v) detecting magnetic resonance signals from said 
sample; and 

(vi) optionally, generating an image, dynamic flow data, 
diffusion data, perfusion data, physiological data or 
metabolic data from said detected signals, 

wherein said high T^ agent in said hyperpolarised solution 
has a Tj value (at a field strength in the range 0.01-5 
T and a temperature in the range 20-40® C.) of at least 
. 5 seconds. 
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and wherein step i) comprises the polarisation stages of: 

a) subjecting said high Tj agent to a high magnetic field 
at low temperature; 

b) exposing the agent to a shortening effect in order 
to attain thermodynamic equilibrium at said low 
temperature. 

26. A method as claimed in claim 25 wherein said 
magnetic field of stage (a) of step (i) is greater than 1 T. 

27. A method as claimed in claim 25 wherein said low 
temperature of stage (a) of step (i) is 100 K or less. 

28. A method as claimed in claim 25 wherein said 
shortening effect is provided by exposure to a variable 
magnetic field gradient. 

29. A method as claimed in claim 25 wherein said 
shortening effect is provided by field cycling to a field 15 
allowing cross polarisation. 

30. A method as claimed in claim 25 wherein said Tj 
shortening effect is provided by gradually inaeasing the 
magnetic field at such a rate that the increase in polarisation 
of the high agent is maximised. 

31. A method as claimed in claim 25 wherein said 
shortening effect is provided by gradually decreasing the 
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temperature at such a rate that the increase in polarisatioQ of 
the high Tj agent is maximised. 

32. A method as claimed in claim 25 wherein said Tj 
shortening effect is provided by adding a material with 
unpaired electrons during stage (a) of step (i) when the agent 
is exposed to low temperature. 

33. A method of magnetic resonance MR investigation of 
a sample, said method comprising: 

i) producing solid hyperpolarised ^^**Xe by irradiating a 
polarising agent whereby to cause dynamic nuclear 
polarisation; 

ii) dissolving said solid hyperpolarised ^^Xe in a physi- 
ologically tolerable solvent to form a solution; 

iii) administering said solution of said hyperpolarised 
^^*^e in a physiologically tolerable solvent to said 
sample; and 

iv) detecting magnetic resonance signals from said 
sample. 

34. A method as claimed in claim 25 wherein said high 
20 agent contains "C, *^N, ^^Si, ^'P, or '^'F nuclei. 
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ABSTRACT 



Numerous applications for hollow glass bodies made from 
low melting glass material require an increase in the chemi- 
cal resistance of the interior surface of the glass body. In 
order to avoid a disadvantageous de-alkalizing process the 
hollow glass body must be provided with an interior coating 
in a comparatively expensive prior art process. In an 
improved process according to the invention a glass tube 
acting as a semifinished product from which the hollow 
glass body is made is provided with an interior coating of 
oxide material, preferably SiOj, AI2O3, HOj or mixtures 
thereof, having a predetermined coating thickness according 
to the required chemical resistance or working conditions for 
forming the glass body and then the hollow glass body is 
made from the glass tube. The coating is advantageously 
provided by means of a PICVD process. 

9 Claims, 1 Drawing Sheet 
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METHOD OF MAKING A HOLLOW, 
INTERIORLY COATED GLASS BODY AND A 
GLASS TUBE AS A SEMI-FINISHED 
PRODUCT FOR FORMING THE GLASS 
BODY 

BACKGROUND OF THE INVENTION 

1. Field of the iDvention 

The present invention relates to a method of making a 
hollow, interiorly coated glass body from a glass tube made 
of a low melting glass material and acting as semifinished 
product or intermediate product. 

The invention also relates to a glass tube made from low 
melting glass material and acting as a semifinished product 
for forming a hollow glass body with an interior coating 
having a high chemical resistance or inertness. 

2. Prior Art 

Low melting glass materials, such as borosilicate glasses 
or calcium, sodium glasses, corrode in a known manner on 
contact with water or other liquids. Particularly water with- 
draws sodium ions from glass. 

Thus it is necessary for numerous applications to increase 
the chemical resistance of the glass bodies, which are 
formed firom this type of low mehing glass, especially 
hollow glass bodies formed from glass tubes. 

Hollow glass bodies, which require an increased chemical 
resistance for the interior surface, are, for example, those 
used 

for chemical plant structures, 

for flow meters for chemically reactive media, 

for analytical purposes (e.g. burette tubes, titration 

cylinders, etc.), 
for reagent glasses for special purposes, 
for sheathing of measuring electrodes in reactive media, 
for illumination purposes, e.g. halogen lamps, 
for discharge lamps, 

for components used for biotechnology reactors, and 
as containers for medicinal purposes (e.g. ampoules, 

bottles, injector devices, cylindrical ampoules, etc.). 
The latter mentioned applications are of special signifi- 
cance. 

It is indeed known to make glass tubes from silica glass 
(quartz glass, Si02 glass) as a semifinished product for 
forming hollow glass bodies, which have a very high chemi- 
cal resistance. Those glass tubes are however very expensive 
because of the high melting point of the Si02 glass. Fur- 
thermore they can only be made with limited optical quality 
and are less suitable for mass production. These tubes may 
be formed with only very special apparatus since, on the one 
hand, their forming temperatures are very high and, on the 
other hand, the temperature interval in which their formation 
is possible is very small. 

Semifinished glass tubes made from silica glass thus may 
not be of sufficient quality and are uneconomical for mass 
applications. 

Predominantly low melting glasses, e.g. borosilicate 
glasses or calcium -sodium glasses, are used for large-scale 
glass products. These may advantageously be formed as 
tubes economically. 

For example these glasses include the following: Duran®- 
borosilicate glass (Schott 01 as), Fiolax®klar(Scholt glass, 
Fiolax(S)braun(Schott Glas) and Kimble N 51 A (Fa. 
Kimble). 

The compositions of these glasses made in the form of 
glass tubing are tabulated in the following Table I. 
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TABLE I 



GIASS COMPOSmONS IN % by WEIGHT* 



5 



GLASS 


StOz 




A1203 


NajO 


K2O MgO 


CaO 


BaO 


1 


69 


1.0 


4 


12.5 


3.5 


2.5 


5 


2 


2 


69 


1.0 


4 


12.5 


3.5 


2.5 


5 


2 


3 


69 


1.0 


4 


1Z5 


3.5 


2.5 


5 


2 


4 


70 


1.0 


4 


12.5 


3.5 


2.5 


5 


2 


5 


69 


1.0 


4 


12.5 


3.5 


2.5 


5 


2 


6 


69 


1.0 


4 


12.5 


3.5 


2.5 


5 


2 


7 


75 


11 


5 


7 






1.5 


0.5 


8 


75 


11 


5 


7 






1.5 


0.5 


9 


80 


13 


2.5 


3.5 


0.5 








10 


70,8 


8 


5.5 


7 


1.5 




1 


2 


11 


70.8 


8 


5.5 


7 


1.5 




0.5 


2 


12 


72.8 


11 


7 


7 


1 




1 




13 


73.3 


10 


6 


6 


3 




0.5 




14 


74.3 


10 


6 


S 


1 









•balance to 100% consists of other elcmcnu (for No. 10 and No. 11 
FcjOa and T1O2 which together arc 3,5%) 



It is known to increase the chemical resistance of these 
glass tubes made from low melting glass by a method in 
which the glass surface is chemically leached out. Asutable 
reactive gas (SO2, (NH4)2S04 or HCl) is conducted through 

25 the still warm glass tube, which leads to a surface reaction 
and a reduction in the alkali content at the surface. 

This type of dealkalizing process is, e.g., described in H. 
A. Schaeffer, et al, Glastechn. Ber. 54, Nr. 8. pp. 247 to 256. 
The disadvantage of this process is that predominantly toxic 

30 gasses are used, whereby the glass surface can contain traces 
of these reactive reaction gases after this chemical treatment 
and the glass surface structure is damaged which leads to an 
increased surface area and to an increase in reactive sites on 
the surface. Furthermore the use of these reactive gases is 

35 undesirable from an environmental standpoint and due to 
worker safety consideration. With many of the suggested 
gases corrosive by-products arise, which react strongly with 
metal apparatus parts. Furthermore particles can be released 
from the porous damaged surfaces during shaping or form- 

40 ing of this type of leached out glass tube. Also a washing 
process for removal of reaction products is necessary prior 
to use of the leached out glass tube. This washing process 
necessitates a drying and disposal of reaction products, i.e. 
the costs increase for making the semifinished glass tubes. 

45 An additional process for dealkalizing low melting glass 
by fluorination by means of fluoro-acids, which has the same 
main disadvantages as the above-described process, is 
described in U.S. Pat. No. 3,314,772. 
In order to avoid the disadvantages of dealkalizing pro- 

50 cess it is also known to provide a tubular glass container 
from low melting glass material, which operates as a pack- 
aging device for pharmaceutical materials, having a silicon 
dioxide {SiO^ layer on its interior surface, which has the 
same inertness as a quartz glass surface (M. Walther, "Pack- 

55 aging of sensitive perenleral drugs in glass containers with 
a quartz-like surface", in Pharmaceutical Technology 
Europe, May, 1996, Vol. 8, Nr. 5, pp. 22 to 27. 

The coating of the interior surface of the formed glass 
body occurs by chemical deposition of an oxide coating 

60 from the gas phase, especially by means of a vacuum- 
assisted plasma CVD process (PECVD«plasma enchanced 
chemical vapor deposition), in particular by means of a 
pulsed plasma process (PICVD-plasma impulse chemical 
vapor deposition). 

65 This PECVD or PICVD method for coating of an interior 
of a hollow body, especially made from plastic, is known 
from German Patent Documents DE 196 29 877 and DE-Z 
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"Multilayer Barrier Coating System produced by Plasma- 
impulse Chemical Vapor Deposition(PRCVD)" by M. 
Walther, M. Hemming, M. Spallek, in "Surface and Coatings 
Technology" 80, pp. 200 to 205 (1966). 

In the known case (DE 296 09 958 Ul) the finished 
containers, i.e. the glass bodies themselves, are interiorly 
coated. Because of that each glass container, must be sub- 
jected to an expensive coating process, adapted to its form. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a simple 
and economical method of making a hoUow glass body 
made from a low melting glass material. 

It is another object of the present invention to provide a 
semifinished glass tube for making the hollow, interiorly 
coated glass body of the invention. 

These objects and others which will be made more 
apparent hereinafter are attain in a process of the above- 
described type for making a hollow, interiorly coated glass 
body from a glass tube made of low melting glass material 
and acting as a semifinished product or intermediate. 

According to the invention this process includes the steps 
of: 

coating the interior surface of the semifinished glass tube 
with an oxide material to form an interior coating 
having a coating thickness which is adapted to the 
subsequent shaping or working conditions required for 
making the glass body and the chemical resistance 
requirements of the glass body, and 
making the glass body from the interiorly coated semi- 
finished glass tube. 
The glass tube according to the invention acting as the 
semifinished product or intermediate for making the glass 
body has an interior surface provided with a coating of oxide 
material whose coating thickness adapted to the subsequent 
shaping or working conditions required for making the glass 
body and the chemical resistance requirements of the glass 
body. 

Glass tubes are prepared with the methods of the inven- 
tion whose chemical resistance is largely maintained after a 
working or shaping process. These working or shaping 
processes can include constrictions, melting and shaping at 
the ends of the glass tubes, e.g. in order to be able to join 
them together, to connect them, to close them, etc. 

The invention not only concerns the manufacture of 
hollow glass bodies with a high degree of shaping, i.e. the 
forming of such glass bodies, but also those glass bodies 
with a comparatively reduced degree of shaping or working, 
e.g. cylindrical bodies, which are made from semifinished 
articles by hot forming or cold forming, e.g. a drawing 
process, and which must be still worked only on their 
opposite ends. These glass bodies include, for example, an 
injector cylinder, e.g. according to German Patent Document 
DE 39 24 830 Al or a reagent container according to 
German Patent Document DE 94 04 753.7 Ul or an injector 
cylinder open on both ends, which is closed by two stoppers 
and on which a needle attachment can be provided. 

Because of the invention it is also possible to prepare 
glass tubes with increased interior chemical resistance so 
that the predominant part of the siu-face of the entire system 
is provided with a high chemical resistance after a possible 
shaping process, while a comparatively smaller area portion 
is left with a lesser chemical resistance. Exemplary appli- 
cations include: glass tubes which are used in biotechnology 
and are used with media which is absorbed in standard glass 
surfaces, containers for medical purposes in which the total 
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ion leach out from the container plays an important role, 
(e.g. for dispensing alkali and other metal ions). 

When comparatively long glass tubes used as intermedi- 
ate products for making the glass bodies are coated in a 
working process, the interiorly coated glass bodies can be 
made in a simple and economical manner, since the coating 
can be predominantly maintained after shaping. A semifin- 
ished product (or semiproduct) is a half-finished product, an 
article that is an intermediate between the raw material and 
the finished product, which however is obtained by subse- 
quently performing different finishing steps. 

Methods for interiorly coating glass tubes are known in 
themselves. These glass tubes are used, e.g., as pre-forms for 
optical fibers for transmitting Light and information. Two 
optically different types of glass are made in the interior of 
a tube, which however in order to be able to be drawn out 
as a fiber must have very similar thermal properties 
(softening and shaping temperatures) and expansion coefS- 
cients. 

In the known cases however glass tubes made from low 
melting glass material cannot act as semifinished products 
for forming or shaping of hollow glass bodies having an 
interior coating made of oxide material for increasing the 
chemical resistance of the glass interior surface. 

The coating thickness of the oxide material is adjusted to 
the working or shaping conditions and the chemical resis- 
tance requirements. Both these requirements interfere with 
each other to some extent, since a thick coating guarantees 
a great chemical resistance, but impairs or prevents satis- 
factory working or shaping. A definite ^ecific concrete 
statement of the required thickness range for the coating is 
not possible, but instead the coating thickness must be 
adapted to the particular shaping or working process being 
performed and to the chemical resistance requirements. 

A typical coating thickness range is according to a pre- 
ferred embodiment of the invention in a range of from 1 nm 
to 500 nm or from about 1 nm to 500 nm. The coating 
thickness also depends on the material selected for the 
coating. 

According to a preferred embodiment of the invention the 
following oxides may be used, among others, as coating 
materials: SiOj, AI2O3, TiOj or mixmres thereof. 

The following methods are especially preferred for coat- 
ing the interior surface of semifinished ^ass pipe. 
Methods for coating from the liquid phase (Sol Gel 
coating), for example, are described in H. Bach, D. 
Krause, "Thin Fihns on Glass", Springer Verlag, Berlin 
(1997). 

Methods are known for precipitation from supersaturated 
solutions. 

Sputtering methods, even when their use for pipe-like 
substrates is complicated, can be used, since sputtering 
process are direct processes. 

Advantageously CVD processes (CVD-chemical vapor 
deposition) can be used for making of the semifinished 
glass mbe. The coating is produced at elevated tem- 
peratures (i.e. higher than room temperature) in 
so-called thermal CVD methods. These methods can be 
used directly during the manufacture of the glass tube 
after the known drawing process. For this purpose the 
coating gas is used as supporting air/blowing air. The 
coating gas decomposes in a predetermined tempera- 
ture range in the glass tube and forms a coating on its 
interior tube surface. A suitable similar method can of 
course be employed which is independent of the manu- 
facture of the glass tube however re-heating of the glass 
tube is then required. The subsequent heating can occur 
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by different methods, e.g. direct heating, heating with a 
laser and so forth. It is also possible to reduce the 
coating temperature when light radiation is used for 
activation/production of the active coating conditions. 

Advantageously the deposition of the oxide coaling mate- 
rial can occur from the gas phase, from the coating gas, 
by means of a vacuum-assisted plasma CVD method, 
the so-called PECVD processes (plasma enhanced 
chemical vapor deposition). The PECVD process is 
described in various references. Diverse embodiments 
are used with different energy input in the low fre- 
quency range (e.g. 40 kHz), in the middle frequency 
range (e.g. 13.56 MHz) up to the microwave range 
(2.45 GHz and above). Examples are found in G. 
Janzen, "Plasma-technik(Plasma Engineering)", Hutig- 
Verlag, Heidelbery, 1992. 

Id a preferred embodiment which is especially advanta- 
geous a modified PECVD method, the so-called 
PICVD process (plasm a-impulse-CVD process) is 
used, which provides a high uniformity for large-scale 
coated substrates. The PICVD technology is known in 
the patent literature from German Patent Document DE 
40 08 405 CI and from U.S. Pat. No. 5,154,943 and for 
example used for producing barrier layers on plastic 
containers (German Patent Document DE 44 38 359 
Al). This technology uses pulsed plasmas for deposi- 
tion of coatings from the respective coating gases. 

BRIEF DESCRIPTION OF THE DRAWING 

The objects, features and advantages of the invention will 
now be iUustrated in more detail with the aid of the follow- 
ing description of the preferred embodiments, with reference 
to the accompanying sole figures which is a cross-sectional 
view through an apparatus for interior coating of a glass tube 
according to the method of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The coating apparatus shown in the figure operates 
according to the PICVD process, A glass tube section 1 
made from low melting glass material, such as borosilicate 
or calcium-sodium glass, which is to be coated inside and 
which acts as a semifinished product or intermediate for 
making the interiorly coated, hollow glass body, is held in a 
container 2 in a vacuum-tight manner by means of the seals 
3. 

The glass tube section 1 has a length of 1500 mm and an 
interior diameter of 12 mm in the embodiment shown in the 
drawing. 

The length of the glass tube section to be coated conforms 
to the dimensions of the available coating apparatus. 

The interior of the glass tube section 1 is connected to one 
end of a vacuum system comprising a pump 4 and a valve 
5. 

A microwave supply device 6 comprising electrodes 
(antennas) passes through the container 2. Microwave radia- 
tion is coupled impulse-wise into both ends of the micro- 
wave supply device 6 by means of suitable microwave 
blocks 6a, 6b. The duration of the microwave pulse is in a 
range of from 0.1 to 10 ms. 

The interior of the glass tube is connected at its other end 
with a gas supply apparatus 7. The gas, in which a plasma 
is ignited, typically oxygen, is conducted into the interior of 
the glass tube by means of this gas supply apparatus via a 
mass flow regulator 8. Another gas, the reaction gas. 
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required for forming the coating, is also conducted into the 
interior of the glass tube by means of this glass supply 
apparatus via another mass flow regulator 9. 
The reaction gas typically is a metal-organic reaction gas, 

5 such as siloxane, preferably hexamethyldisiloxane 
(HMDSO), tetramethyldisiloxane, titaniumtetraisopro- 
poxide (TIPT) or silazane, from which the coating on the 
inside of the glass tube 1 is formed by selection of the 
suitable puke duration. The pulse duration is an additional 
parameter, which also influences the composition of the 
deposited coating. 

The coating process is controlled in a known manner by 
an unshown process controller. 
First the entire tube system is evacuated and then the 

15 process pressure is controlled so that it is about 1 mbar. After 
that the oxygen is conducted into the system with flow of 
135 standard cubic units. After 5 s 2.45 GHz microwave 
radiation at a power of 1 kW is input to both sides of the 
glass tube 1 by means of the electrodes of the microwave 

20 supply device. Because of that the plasma ignites inside the 
glass tube 1 and the glass tube is heated to a process 
temperature of 250® C. When this temperature is reached, a 
mass flow of 5 standard cubic units of reaction gas, prefer- 
ably HMDSO, is supplied under control of the mass flow 

25 regulator 9, so that a gas mixture of oxygen and HMDSO is 
found inside the glass tube 1. Now a microwave power of 
1.5 kW is coupled impulse-wise into the plasma inside the 
glass tube 1 by means of the electrodes 6, whereby the 
molecules of the reaction gas are cracked. The cracking 

30 products produced diffuse to the closest surface, — here the 
glass tube to be coated — and in due course form the desired 
coating. In the interval between pulses until the following 
pulse is ignited, which is in a range of from 10- to 100 ms, 
the consumed reaction gases are removed from the vacuum 

35 chamber by means of the vacuum stages 4,5 in the same 
manner as a two cycle motor and replaced by fresh reaction 
gas and oxygen. 

In this manner a coating with the thickness of 5 nm can 
be deposited in 2 s. 

40 The properties of the coating substantially depend on the 
parameters "pulse duration" and "reaction gas concentra- 
tion". Generally harder coatings are deposited at small 
concentrations and with long pulses, which cause a substan- 
tial increase in inertness. At high concentrations and with 

45 short pulses, softer layers are deposited. 

Basically a multilayer coaling can be produced. Further- 
more as soon as a sufficient layer thickness is obtained for 
the first layer, the reaction gas required to produce it is 
replaced by a reaction gas for the second layer. To produce 

50 a non-discontinuous or non-sharp transition between both 
layers, a mixture of both reaction gases can be conducted 
into the apparatus for a predetermined time interval. For a 
uniform transition the proportion of the first reaction gas can 
be gradually reduce and at the same time the proportion of 

55 the second reaction gas can be continuously increased to its 
nominal value. 

Additionally or instead of oxygen as the plasma gas or gas 
for producing the plasma, other gases for producing a 
plasma which are known, such as argon, helium, hydrogen 

^ or nitrogen. Other gases for producing the plasma are 
described, e.g., in the book, "Plasma-Technik(Plasma 
Enginering)", by Schade, Verlag Technik (Engineering 
Press), GmbH, Berlin, 1990. 

55 EXAMPLE 

Four samples with coating thicknesses of 0.5 nm, 1 nm, 
5 nm and 50 nm are prepared by variation of the coating time 
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with the apparatus showa in the drawing. Ampoules are 
formed as glass bodies from the coated semifinished glass 
tubes. Both the unfinished glass tube samples and the 
finished ampoules, including an uncoated sample, were 
tested with the help of atomic absorption spectroscopy for 
limiting values according to ISO 4802, Part II, after auto- 
claving with steam. 

The results for the Na leach out after one hour are shown 
in Table II hereinbelow, for the tubing in column 2 and for 
the ampoules in column 4. 

Also the workability or formability of the ampoules fi-om 
the crude or unfinished tube samples was evaluated quali- 
tatively. These evaluations are also shown in Table II in 
column 3 for the respective coating thickness. The results 
show that the glass tube with a coating thickness of 50 nm 
is not workable or formable and the glass tube with a coating 
thickness of 5 nm has poor workability or formability and is 
unsatisfactory for making the ampoules. 

TABLE II 

MEASUREMENTS OF THE PROPERTIES AND WORKABILITY OF 
SEMIFINISHED GLASS TUBE SAMPLES AND AMPOULES 



MADE FROM THEM 




NA LEACH 


WORKABILITY 


NA-LEACH 


CX>AnNG 


OUTCrUBE), (TO 


OUT (10 ML), 


THICKNESS 


PPM 


AMPOULES) 


PPM 


Uncoated 


0.54 ppm 


Good 


0.96 ppm 


0.5 nm 


0.11 ppm 


Good 


0.21 ppm 


1 nm 


0.04 ppm 


Good 


0.12 ppm 


5 nm 


<0.01 ppm 


Poor 


0.30 ppm 


SO nm 


<0.01 ppm 


knpossible 


No measurement 








.Possible 



The results in Table JI shows that the blocking action of 
the coating increases with increasing coating thickness, but 
at the same time ampoules cannot be made if the coating is 
too thick. An optimum coating thickness with minimum 
sodium leach out is expected between a coating thickness of 
1 nm and 5 nm with this coating system. 

The disclosure in German Patent Application 198 01 
861.4-45 of Jan. 20, 1998 is incorporated here by reference. 
This German Patent implication describes the invention 
described hereinabove and claimed in the claims appended 
hereinbelow and provides the basis for a claim of priority for 
the instant invention under 35 U.S.C. 119. 

While the invention has been illustrated and described as 
embodied in a method of making a hollow, interiorly coated 
glass body and glass tube as semifinished product for 
forming the glass body, it is not intended to be limited to the 
details shown, since various modifications and changes may 
be made without departing in any way from the spirit of the 
present invention. 

Without further analysis, the foregoing will so fully reveal 
the gist of the present invention that others can, by applying 
current knowledge, readily adapt it for various applications 
without omitting features that, from the standpoint of prior 
art, fairly constitute essential characteristics of the generic or 
specific aspects of this invention. 

What is claimed is new and is set forth in the following 
appended claims. 
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We claim: 

1. A glass tube made from low melting glass material and 
acting as a semi-finished product or intermediate for making 
a hollow, interiorly coated glass body with an interior 

^ coating increasing a chemical resistance of said hollow, 
interioriy coated glass body, said glass body being formed 
by shaping or working, wherein said glass tube has an 
interior surface and a coating of oxide material on said 
interior siu'face, and said coating has a predetermined coat- 
ing thickness, whereby required shaping or working condi- 
tions for making said glass body from said glass tube and 
chemical resistance requirements for said glass body are 
met. 

2. The glass tube as defined in claim 1, wherein said 
coating thickness is in a range from 1 nm and 500 nm or 
from about 1 nm to 500 nm. 

3. The glass tube as defined in claim 1, wherein said 
coating thickness is between about 1 to 5 nm. 

20 4. Tlie glass tube as defined in claim 1,' wherein said oxide 
material comprises SiOj, AI2O3, TiOa or mixtures thereof. 

5. The glass tube as defined in claim 1, wherein said 
coating is provided on the interior surface of the glass tube 
by a method comprising a chemical vapor deposition pro- 

25 cess and including passing a mixture of a reaction gas and 
oxygen through the glass tube and forming a microwave 
discharge in the mixture in the glass tube, said reaction gas 
comprising hexamethyidisiloxane, tetramethyldisiloxane, 
titanium tetraisopropoxide or silazane. 

30 6. A glass tube with an interior oxide coating, said glass 
tube with said interior oxide coating being made by a 
method comprising the steps of: 

a) providing a glass tube consisting of a low melting glass 
2^ material and having an interior surface; and 

b) coating said interior surface of said glass tube provided 
in step a) with an oxide selected from the group 
consisting of SiOs, AI2O3 and TiOj or with a mixnire 
of at least two members selected from the group 

40 consisting of SiOj, AI2O3 and TiO^ to form the interior 
oxide coating with a thickness of from about 1 nm to 
500 nm; 

whereby said glass tube with said interior oxide coating is 
an intermediate product for making a hollow, interiorly 
45 coated glass body from said glass tube by shaping or 
working so that said hollow, interiorly coated glass 
body has an increased chemical resistance. 
7. The glass tube as defined in claim 6, wherein said 
thickness is from about 1 nm to 5 nm. 
so 8. The glass tube as defined in claim 6, wherein said 
method comprises chemical vapor deposition (CVD) of said 
interior oxide coating on said interior surface from a gas 
phase by vacuum-assisted plasma enhanced chemical vapor 
deposition or plasma impulse chemical vapor deposition. 
55 9. The glass tube as defined in claim 6, wherein said 
method comprises depositing said oxide coating from a 
liquid phase according to a sol-gel process or from a 
supersatured solution. 

* * * « * 
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ABSTRACT 



A method of imaging a spatial distribution of a noble gas by 
nuclear magnetic resonance spectrometry includes detecting 
a spatial disuibution of at least one noble gas by NMR 
spectrometry and generating a representation of said spatial 
distribution of the noble gas. The noble gas is selected from 
noble gas isotopes having nuclear spin, preferably Xenon- 
129 and/or Helium-3. The noble gas is at least thermally or 
equilibrium polarized and is preferably hyperpolarized, most 
preferably hyperpolarized by optical Qaser) pumping in the 
presence of an alkali metal or by metastability exchange. 
The generation of the representation of the noble gas spatial 
distribution includes at least one dimension, preferably 2 or 
3 dimensions of the spatial distribution. The noble gas may 
be imaged according to the invention in chemical or bio- 
logical systems, preferably in a human or animal subject or 
organ system or tissue thereof. Also, apparatus for nuclear 
magnetic resonance imaging of the spatial distribution of at 
least one noble gas includes means for imaging a noble gas 
by NMR spectrometxy and means for providing and/or 
storing imageable quantities of a noble gas, preferably 
hyperpolarized Xenon- 129 and/or Helium-3. Also, a medi- 
cal composition includes a medically acceptable bifunc- 
tional gas effective for in vivo anesthesiological and NMR 
imaging functions, including at least one noble gas, prefer- 
ably hyperpolarized Xenon- 129 and/or Helium-3. 

46 Claims, 7 Drawing Sheets 
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MAGNETIC RESONANCE IMAGING USING 
HYPERPOLARIZED NOBLE GASES 

This invention was made with government support under 
grant numbers 88-0165 and F49620-92-J-0211, awarded by 5 
ihe Air Force Office of Scientific Research. The government 
has certain rights in this invention. 

BACKGROUND OF THE INVENTION jq 

The present invention relates generally to techniques of 
nuclear magnetic resonance imaging. In particular, the 
present invention relates to, among other things, the detec- 
tion and imaging of a noble gas by nuclear magnetic 
resonance spectrometry. 

Current views as to the molecular basis of anesthetic 
action are mostly derived from experimental work carried 
out in vitro. Interpretation of many of the results of these 
studies are extremely controversial, e.g., changes in lipid 
structure are observed at exceedingly high, indeed toxic, 
concentrations of anesthetic. Changes observed in viuro, 
from animals whose physiology has been altered, or from 
animals administered non-clinical doses of anesthetics 
might not reflect the effects of these agents clinically. It is 25 
believed that significant progress can be made by employing 
direct non-invasive methods for the detection and charac- 
terization of anesthetics In living animals. Both lipid solu- 
bility and protein binding undoubtedly do play a role, but 
new ideas are now needed. 

Attempts have been made to bring powerful nuclear 
magnetic resonance (NMR) techniques to bear on this 
problem. (References 1-3). Wyrwicz and co-workers pio- 
neered the use of fluorine-19 C^F) NMR spectroscopy to 
observe fluorinated anesthetics in intact tissues and recorded 35 
the first NMR spectra from the brain of a live anesthe- 
tized rabbit. (References 1, 4). These early studies demon- 
strated the feasibility of studying the fate of anesthetics in 
live mammals. Buir and collaborators also used halothane 
and other fluorinated anesthetics for monitoring membrane 40 
alterations in tumors by ^®F NMR. (References 5-6). In 
recent years, several groups have conducted ^^F NMR 
studies which have shed light on the molecular environment 
of anesthetics in the brains of rabbits and rats. (References 
3, 7). Using a surface coil placed on top of the calvarium 45 
during halothane inhalation, two overlappmg spectral fea- 
tures observed by d' Avignon and coworkers, perhaps 
0.1-0.2 ppm apart, could be resolved through their different 
u-ansverse relaxation times (Tj). (Reference 3). The biex- 
ponential dependence of the spin-echo amplitude on echo 50 
delay reported in this study demonstrated that anesthetics in 
different molecular environments could be discerned in the 
brain in vivo using *'F NMR. Such environments, sepairated 
by chemical shifts of only about 0.1 ppm, had previously 
been reported by Wyrwicz et al. in high resolution studies of 35 
excised neural tissue. (Reference 4). 

N(Hwithstanding such attempts to use other compounds 
for NMR imaging, state-of-the-art biological magnetic reso- 
nance imaging (MRI) has remained largely restricted to the 
water proton, ^HjO, NMR signal. The natural abundance of 60 
water protons, about 80-100 M in tissue, and its large 
magnetic moment make it ideal for most imaging applica- 
tions. Despite its tremendous value as a medical diagnostic 
tool, however, proton MRI does suffer several limitations. 
Most notably, the water protons in lung tissue, and the 65 
protons in lipids of all interesting biological membranes, are 
notoriously NMR invisible as a result of the short Tj in such 
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environments. (References 8-9). Other signals and sig- 
nals from other biologically interesting nuclides are either 
present in too low a concentration (10"^ to 10"* M, com- 
pared to ca. 100 M for HjO) or have undesirable NMR 
characteristics. In smdying dynamic processes with ^HJD, 
one must sacrifice much of the proton signal to exploit 
differences in effective spin density resulting from T| and/or 
T2 spatial variation, (Reference 10). 

Various noble gases are known to be effective anesthetic 
agents. For example. Xenon is approved for use in humans, 
and, its efficacy as a general anesthetic has been shown. 
Attempts have previously been made to take advantage of 
the properties of Xenon for purposes of medical imaging, 
but success has heretofore been extremely limited, and 
techniques have been impractical at best For example, the 
^"Xe isotope was used in early ventilation sUidies of the 
lung. (References 11-12). Unfortunately, the poor image 
quality attained limited its clinical use. Xenon has, however, 
been used as a contrast enhancement agent in computed 
tomography (CT) studies of the brain, (References 13-14), 
and as a tracer for regional cerebral blood flow (rCBF) 
measurements. (Reference 15). 

An isotope of Xenon, Xenon-129 (*^Xe), has non-zero 
nuclear spin (i.e., and therefore is a nucleus which, in 
principle, is suited to study by nuclear magnetic resonance 
techniques. Despite the apparent potential for use of Xenon 
in magnetic resonance imaging, its small magnetic moment, 
and the low number densities of gas generally achievable, 
have heretofore been insuperable obstacles to practicable 
magnetic resonance (MR) imaging of ^^'Xe at normal, 
equilibrium (also known as "Boltzmann") polarizations, P 
(P~10~^ in 0.5-1,5 Tesla (T) clinical imaging systems). 
However, unlike the water proton (^H) employed as the 
nucleus in- conventional NMR techniques, the nuclear mag- 
netic resonance signals obtainable from ^^^X& are extraor- 
dinarily sensitive to local environment and therefore very 
specific to environment. 

Certain aspects of the behavior of '^'Xe, and other noble 
gas isotopes having nuclear spin, in various environments 
have been studied and described. For example, Albert et al. 
have studied the chemical shift and transverse and longim- 
dinal relaxation times of Boltzmann polarized *^^Xe in 
several chemical solutions. (Reference 16). Albert et al. and 
others have also shown that Oxygen can affect longitudinal 
relaxation time Tj of ^^^Xe. (References 17-18). Miller et 
al. have also studied the chemical shifts of '^Xe and ^^^Xe 
in solvents, proteins, and membranes. (Reference 2). How- 
ever, none of tiiese publications provides any indication of 
a method by which ^^Xe could be used for nuclear magnetic 
resonance imaging. 

It is known in the ait that the polarization of certain nuclei, 
such as noble gas nuclei having nuclear spin, may be 
enhanced over the equilibrium or Boltzmann polarization, 
i.e., hyperpolarized. Such techniques include spin exchange 
with an optically pumped alkali metal vapor and metasta- 
bility exchange. 

The physical principles underlying the hyperpolarization 
of noble gases have been studied. (Reference 19). For 
example, H^per et al. have studied the physics of spin 
exchange between noble gas atoms, such as Xenon, wiUi 
alkali metals, such as Rubidium. (Reference 20). Others 
have studied spin exchange between Helium and alkali 
metals. (References 21-22, 49). Otiier publications have 
described physical aspects of spin exchange between alkali 
metals and noble gases. (References 23-24). The technique 
of using meiastability exchange to hyperpoiarize noble gases 
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has been studied by Schearer et al. and by Hadeishi et al. 
(References 26-31). 

Other publications, by Gates et al. and Gatzke et al., 
describe certain behaviors of frozen, crystalline ^^^Xe that 
has been hyperpolarized. (References 32-33). Gates et al. ^ 
and others describe spin-exchange rates between Rubidium 
and *^Xe at high Xenon pressures as measured by magnetic 
resonance apparatus. (References 34-35). These publica- 
tions, however, relate to ^^'Xe behavior in highly controlled 
physical systems and provide no description concerning how ^0 

Xe might be used to produce images by nuclear magnetic 
resonance. 

Raftery et al. have described optically pumped ^^^Xe as 
an adsorption probe for the study of siiiface structure by 
analysis of NMR spectra. (References 36-37). Long et al. 
have also observed the chemical shift of laser polarized 
Xenon adsorbed to a polymer surface. (Reference 38). 

U.S. Pat. Nos. 4.856,511 and 4,775,522 to Glark describe 
a nuclear magnetic resonance technique for detecting certain ^ 
dissolved gases in an animal subject. Gas compositions 
described as useful for this technique include fluorine com- 
pounds such as perfluorocarbons. Other gases suggested to 
be potentially useful for the technique of Clark include 
^^^e but Claxk fails to recognize any of the difficulties 25 
which have heretofore rendered use of '^e for magnetic 
resonance imaging of biological subjects impracticable. 

Therefore, it would be a significant advance in the art to 
overcome the above-described difficulties and disadvantages 
associated with nuclear magnetic resonance imaging, in a 30 
manner which would permit the imaging of noble gases, 
especially the imaging of noble gases in biological systems, 
without requiring excessively long image acquisition times 
and without being limited to systems and environments 
previously imageable only by NMR. 35 

SUMMARY OF THE INVENTION 

In accordance with the present invention, there is pro- 
vided a method of performing nuclear magnetic resonance ^ 
imaging which includes detecting the spatial distribution of 
at least one noble gas by nuclear magnetic resonance 
(NMR), and generating a representation of the noble gas. 
spatial distribution. 

In a preferred embodiment, there is also provided a 45 
method of performing nuclear magnetic resonance imaging 
of an animal or human subject by administering an image- 
able amount of at least one noble gas to the subject, 
employing an NMR imaging spectrometer to detect radio- 
frequency signals derived from the magnetic resonance of at 50 
least one noble gas, processing the detected signals to obtain 
an NMR parameter data set as a function of the spatial 
distribution of at least one noble gas, and further processing 
the data set to generate a representation of at least one 
dimension of the spatial distribution of at least one noble 55 
gas. 

In another preferred embodiment, the method of the 
invention further includes detecting and imaging at least one 
hyperpolarized noble gas. The hyperpolarized noble gas is 
preferably hyperpolarized by laser polarization through spin 60 
exchange with an alkali metal or by metastability exchange. 
The noble gas is preferably selecteid from among Helium-3, 
Neon-21, Krypton-83, Xenon- 129, Xenon-131 and mixtures 
thereof. Most preferably, the noble gas is Helium-3 or 
Xenon- 129. Combinations of noble gases and/or noble gas 65 
isotopes are contemplated, as are combinations of hyperpo- 
larized and non-hyperpolarized noble gases and/or noble gas 



isotopes. When the noble gas is laser polarized through spin 
exchange with an alkali metal, preferably an alkali metal 
selected from among Sodium-23, Potassium-39. Gesium- 
133, Rubidium-85, and Rubidium-87. Most preferably, the 
alkali metal is Rubidium-85 or Rubidium-87. 

The method of the invention preferably includes detecting 
and imaging at least one physical dimension of the spatial 
distribution of at least one noble gas, more preferably 
including detecting and imaging two or three physic^ 
dimensions. The method of the invention may also include 
detecting and imaging alterations of the spatial distribution 
of the noble gas as a function of time. 

The generating of a representation of a noble gas prefer- 
ably includes generating a representation of at least one 
physical dimension of the spatial distribution of the noble 
gas, more preferably including generatijig a representation 
of two or tiiree physical dimensions of the noble gas. The 
generating of the representation may also include generating 
a representation of one or more physical dimensions of the 
spatial distribution of the noble gas as a function of time, 
including such NMR parameters as chemical shift, Ti relax- 
ation, T2 relaxation, and Tip relaxation. Preferably, the 
meUiod of the invention includes generating a visual repre- 
sentation. 

The noble gas being imaged is preferably distributed 
spatially in at least one physical phase such as a gas, liquid, 
gel, or solid. The noble gas may be imaged as distributed in 
two or more physical phases in one sample. The noble gas 
being imaged may be distributed on a solid surface. The 
noble gas may be imaged in association with various mate- 
rials or environments. 

The sample being imaged using a noble gas may include 
an in vitro chemical, in vitro biological or in vivo biological, 
system. When the noble gas distribution in an in vivo 
biological system is imaged, Uie system may include one or 
more human or animal subjects. The noble gas is preferably 
distributed in an organ or body system of the human or 
animal subject. Alternatively, the noble gas may be distrib- 
uted in an anatomical space of the subject. 

In another embodiment of the invention, there is provided 
a medical composition which includes a medically accept- 
able bifunctional gas effective for in vivo anesthesiological 
and nuclear magnetic resonance imaging functions. In a 
preferred embodiment, the gas composition includes at least 
one noble gas, preferably selected from among Helium-3, 
Neon-21, Krypton-83. Xenon-129. and Xenon-13L More 
preferably, the noble gas is Helium-3 or Xenon-129. The 
noble gas is preferably hyperpolarized, more preferably 
through spin exchange with an alkali metal or through 
metastability exchange. Combinations of hyperpolarized 
and non-hyperpolarized noble gases and noble gas isotopes 
are possible. 

Also in accordance with the present invention, there is 
provided apparatus for nuclear magnetic resonance imaging 
which includes NMR imaging means, for detecting and 
imaging at least one noble gas, and means for providing 
imageable quantities of the noble gas. In a preferred embodi- 
ment, the apparatus includes means for providing imageable 
quantities of a hyperpolarized noble gas. The apparatus of 
this embodiment includes hypcrpolarizing means, prefer- 
ably means for byperpolarizing a noble gas throu^ spin 
exchange with an alkali metal or through metastability 
exchange. Hie noble gas may be provided in continuous, 
discontinuous, and/or quasi-continuous mode, and when 
more than one noble gas is provided, noble gases may be 
provided as a mixture or individually, and may be provided 
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either together or by separate routes and/or at separate times 

and durations. 

The noble gas may be conucled with the sample to be 
imaged in gaseous, liquid, or solid form, either alone or in 
combination with one or more other components in a ^ 
gaseous, liquid, or solid composition. The noble gas may be 
combined with other noble gases and/or other inert or active 
components. The noble gas may be delivered as one or more 
boluses or by continuous or quasi-continuous delivery. 

Also in accordance with the invention there is provided a 
method of performing nuclear magnetic resonance imaging 
of a human or animal subject In this embodiment, the 
method includes administering to a subject an imageable 
amount of a hyperpolarized noble gas, generating radio- 
frequency signals from the nuclear magnetic resonance of 
the hyperpolarized noble gas by means of a nuclear mag- 
netic resonance imaging spectrometer, detecting the gener- 
ated radio-frequency signals, processing the detected radio- 
frequency signals to derive a nuclear magnetic resonance 
parameter data set as a function of a spatial distribudon of ^ 
the hyperpolarized noble gas in the subject, and further 
processing said nuclear magnetic resonance parameter data 
set to derive a representation corresponding to at least one 
spatial dimension of the spatial distribution of the hypeipo- 
larized noble gas in the subject. ^ 

The noble gas may be administered to a human or animal . 
subject as a gas or in a liquid, either alone or in combination 
with other noble gases and/or other inert or active compo- 
nents. The noble gas may be administered as a gas by either ^ 
passive or active inhalation or by direct injection into an 
anatomical space such as lung or gastrointestinal tract. The 
noble gas may be administered as a liquid by enteral or 
parenteral injection. The preferred method of parenteral 
administration includes intravenous administration, option- 
ally by contacting blood with the noble gas extracoiporeally 
and reintroducing the noble gas-contacted blood by intra- 
venous means. 

The present invention solves the disadvantages inherent in 
the prior art by providing a method for imaging at least one 40 
noble gas by nuclear magnetic resonance. The present 
method provides a new and unexpectedly powerful method 
of NMR imaging of noble gas spatial and temporal distri- 
bution in non-biological as well as in in vitro and in vivo 
biological systems. The present invention also permits the 45 
acquisition of images of high signal to noise rado, in 
unexpectedly short acquisition periods. In addition, the 
present invention provides a method for imaging biological 
phenomena of short duration as well as for imaging systems 
previously not amenable to imaging by conventional 50 
NMR techniques. 

Other objects and advantages of the present invention will 
become more fully apparent irom the following disclosure, 
figures, and appended claims. 

55 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. la shows a nuclear magnetic resonance spectrum of 
'^^e in a rat brain synaptosome suspension; FIG. lb shows 
a nuclear magnetic resonance spectrum of ^^^e in a homo- go 
genaic of rat brain tissue; FIG. Ic shows a nuclear magnetic 
resonance spcctmm of ^^^Xe in a whole rat brain prepara- 
tion. 

FIG. 2a shows a graphical representation of a glass sphere 
20 mm in diameter; and FIG. 2b shows a nuclear magnetic 6S 
resonance image of Boltzmann polarized '^e gas in a 20 
tarn diameter glass sphere. 



6 

FIG. 3a shows a graphical representation of a glass 
sphere, 20 mm in diameter, containing octanol (shaded 
region) and Xenon gas (unshaded region); FIG. 3^ shows a 
nuclear magnetic resonance spectrum illustrating NMR sig- 
nals obtained from *^^Xe in gas phase and in octanol; FIG. 
3c shows a nuclear magnetic resonance image of ^^^Xe in 
octanol in 20 mm glass sphere; and FIG. 3d shows a nuclear 
magnetic resonance image of ^^^Xe in gas phase in a 20 nun 
glass sphere. 

FIG. 4 shows a series of nuclear magnetic resonance 
images of a hyperpolarized ^^'Xe gas phantom, representing 
different mutually parallel planes. 

FIGS. Sa-Sc show a sequence of nuclear magnetic reso- 
nance images of a mouse lung inflated with hyperpolarized 
'^e gas; and FIG. 5^ shows a nuclear magnetic resonance 
image of in a mouse heart 

FIG. 6 shows a graph illustrating a decrease in "^e 
magnetic resonance signal intensity, obtained' from mouse 
lung inflated by hyperpolarized ^^^e, as a function of time. 

FIG. 7 shows a longimdinal section view of a noble gas 
delivery device for nuclear, magnetic resonance imaging of 
noble gases. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Nuclear magnetic resonance spectroscopy is a technique 
which is well known in a wide variety of scientific disci- 
plines. Basic considerations regarding the conventional 
practice of nuclear magnetic resonance imaging, especially 
as applied to biological systems, are found in Rinck et al., An 
Introduction to Magnetic Resonance in Medicine (1990), 
especially Chapters 1-4 (Reference 39); and Wehrli, F. W., 
"Principles of Magnetic Resonance", Chapter 1, and Wood, 
M. L., "Fourier Imaging" Chapter 2, in Magnetic Resonance 
Imaging, Vol. 1, 2d ed.. Stark et al., eds. (1992) (Reference 
40). These publications are incorporated by reference herein. 
In certain disciplines, an adaptation of NMR spectroscopy, 
involving the generation of images from NMR data has 
found increasing popularity. In medicine, certain MRI tech- 
niques have become fairly commonplace, principally 
employing the water proton ('HjO) for the imaging of 
certain regions in the body. 

Nonetheless, certain other magnetically susceptible nuclei 
are desired to be adapted for MRI for various reasons. In 
particular, the physical characteristics of other elements may 
predispose the nuclei to the imaging of other kinds of 
physical and biological systems. In medicine, other nuclei 
are desired which can enable the imaging of regions of the 
body which are difBcultiy accessible by currentiy available 
NMR probes. Prior to the unexpected observations of the 
utility of noble gases for MRI applications, as described 
herein, acceptable alternative nuclear probes have been 
unavailable. 

Noble gas isotopes having non-zero nuclear spin have 
now been discovered to offer vast possibilities for use in 
MRI. For example, the '^'Xe isotope is, in principle, suited 
to NMR uses, but is 26% naturally abundant and has a 
sensitivity relative to *H (in conventional NMR) of 2.12x 
10~\ TTie resonance frequency of *^^e spans an enormous 
range (0-300 ppm) over the gas and condensed phase, and 
is exceptionally sensitive to chemical environmenL (Refer- 
ence 2). Its longitudinal relaxation time, T], is huge (prac- 
tically at least 3000 s in the pure gas phase, and theoretically 
perhaps as long as 56 hrs at 1 atm), (References 32, 41), and 
is particularly sensitive to chemical environment, O2 con- 
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centration, (References 17-18), and the effects of other 
relaxation promoters. (References 2, 42, 16). Its transverse 
relaxation time is also susceptible to relaxation promoters. 
(References 16. 18, 43). 

The longitudinal and transverse relaxation times, T| and 
Tj, respectively, are also indicative of the environment 
surrounding the ^^^Xe atom, e.g., whether the atom is bound 
to a protein, dissolved in a lipid, or constrained in some other 
way. Thus a combination of chemical shift, T|, and T2 data 
can provide a basis for distinguishing the presence or 
absence of the nucleus in a particular environment as well as 
for identifying the nature of the environment in question. 

Elemental Xenon is a benign and effective anesthetic, 
(Reference 44). which is not metabolized by the body. 
Xenon has an essentially Raoult's Law solubility in non- 
polar solvents. (Reference 45). Inhaled into the lungs. 
Xenon equilibrates quickly with the pulmonary circulation, 
reaching a steady state with the entire blood volume in one 
blood circuit, (Reference 13), on average, about 1 s or 1-2 
breaths in the mouse, about 18 s in humans. (Reference 46). 
Xenon is known to accumulate rapidly in highly-vascular- 
ized dssue. For example, in the brain, which contains 10% 
lipid and 10% protein, (Reference 10), one can expect 
steady-state concentrations (for 0.5-1.0 atm lung Xenon) of 
5-10 mM in the membrane bilayers, 2-4 mM in water, and 25 
about 1-5 mM bound to proteins. (References 5, 47-48). 
Xenon is also approximately twice as soluble in white matter 
as in gray matter. (Reference 13). The NMR resonance 
frequency of ^^^Xe is different in each of the above sites, and 
exchange between compartments is slow on die chemical 
shift NMR timescale. (References 2. 16-17). The potential 
usefulness of hyperpolarized ^^^Xe as a contrast agent in 
biological systems is therefore apparent. 

The total Xenon concentration in materials of biological 
interest will typically range between about two and about 
five times its solubility in pure water. The problem with any 
attempt to image Boltzmann polarized Xenon in such a 
system is that many samples are required in order to deter- 
mine a solution parameter. These difSculties stem in large 
part from the lower concentrations of *^e, its smaller ^ 
magnedc moment, and its lower natural abundance as com- 
pared with ^HjO. Similar considerations apply with regard 
to other noble gases which are generally less soluble in water 
as well as in non-polar media. 

For example, the spectrum of FIG. Ic. obtained in 8 hrs 
from in vitro brain samples taken from rats anesthetized with 
Xenon gas, has significantly less signal to noise (S/N) than 
a spectrum of '^'Xe in a synaptosomal suspension shown in 
FIG. la, obtained in 27 hrs under a Xe pressure of 3 atm. 

The difficuldes which have heretofore prevented the 
development of noble gas MRI are clean typically long 
longitudinal relaxation times and low signal strength require 
signal averaging of exceedingly many free induction decays 
(FIDs) over long periods of time. It is dear that to conduct 55 
in vivo NMR experiments, extraordinary enhancement of 
the noble gas signal is necessary. The total accumuladon 
dmes for Boltzmann noble gas spectra is prohibidvely long 
in such biological samples. 

The ability to use noble gases for NMR imaging, then, is 60 
directly and profoundly limited by the average signal inten- 
sity and the signal acquisition ability of the spectrometer. 
Given cuirent NMR spectrometer technology, it is reason- 
able to conclude diat on the order of a 10,000 fold increase 
in sensitivity, e.g., that increase necessary to render Xenon 65 
imaging possible using Boltzmann polarized Xenon, could 
take years if not decades to develop, assuming it is feasible 
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at all. The required sensitivity increase is more practicably 
attained through hyperpolarizadon, for example, through the 
use of optical pumping and spin exchange, (References 
21-22, 32, 36), or metastability exchange. (References 
26-31). This method of enhancing the noble gas signal can 
be used to create noble gas nuclear polarizations which are 
on the order of 10'*~10^ larger than typical thermal equilib- 
rium polarizations. Nuclear polarizations attained using 
these techniques are easily of order 0.25, (Reference 32). 
and can approach 1.0, making die product of spin density 
and polarization at least an order of magnitude larger than 
for the proton CH) in typical imaging situations. Thus, it has 
now been unexpectedly fotmd that the hypeipolarization of 
noble gases permits a spectacular new means of producing 
magnetic resonance images. 

While the extraordinary property of hyperpolarizability of 
noble gases, especially * Xe and ^He, is of great impor- 
tance in rendering the imaging of biological systems pos- 
sible, other factors play a role in developing such images. 
For example, noble gases exhibit other unusual properties, 
including distincdy different behavior compared to ^HjO in 
(a) cell and tissue compartmentalization; (b) dramatically 
time-dependent distribution; and (c) response of resonance 
frequency, T^ and Tj to environment, O2 concentration and 
subcellular exchange kinetics. The combination of hyper- 
polarizability of noble gases and these other unusual prop- 
erties enables the use of noble gases as a new and qualita- 
tively different source of NMR image contrast For example, 
as opposed to water protons, ^^^Xe is not omnipresent; its 
space and time distribution in the body depends entirely on 
the anatomy and physiology of Xenon transport. (Reference 
13). This permits its use in magnetic resonance imaging 
(MRI) and magnetic resonance spectrometry (MRS) studies 
of soft-tissue anatomy, physiology (e.g., cerebral blood flow, 
cerebral activity) and padiology (e.g., demyelination, early 
detection of tumors or other foci of changed or anomalous 
metabolism). Moreover, the large MR signal strengths 
obtainable using hyperpolarized noble gases permit the use 
of the high-speed imaging protocols, which l^ve heretofore 
been possible only with ^HjO. 

The imaging method of the invention is preferably per- 
formed using the ^^^Xe and/or the ^He nuclei. However, die 
method of the invention may also be performed with other 
noble gases, i.e., other noble gas isotopes having nuclear 
spin. ^He, ^^^e and the other noble gases may be preferred 
in different applications because of their different physical 
and magnetic resonance properties. A list of noble gas nuclei 
useful according to die invention is provided below in Table 
I. This list is intended to be illustrative and non-limiting. 

TABLE I 





Hypeipolarizable Noble Gases 






Natural 


Nddear 


Isotope 


Abundance (%) 


Spin 




-lO-* 


1/2 


*»Ne 


0.27 


3n 


«Kr 


1I.S 


9/2 


»»Xe 


26.4 


1/2 


"*Xc 


21.2 


3/2 



While each of the noble gas isotopes listed in Ikble I, 
alone or in combination, may be used for nuclear magnetic 
resonance imaging according to the invention, it is known 
that the degree of polarization of the gases in equilibrium 
(Boltzmann) state is prohibitively low. preventing high 
speed image acquisition. The various parameters governing 
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signal decay such as 'T, and relaxation and the local 
environment of the nucleus will also determine whether high 
speed images can be effectively acquired. These limitations 
become of great importance in acquisition of images from in 
viu-o and in vivo biological systems since the time course of 
events desired to be imaged often requires data acquisition 
periods of less than one second. Enhancement of the NMR 
signal is, therefore, highly desirable. Accordingly, the noble 
gas is preferably hyperpolarized relative to its normal Bolt- 
zmann polarization. Such hyperpolarization is preferably 
induced prior to data acquisition by an NMR spectrometer 
and may be induced by any of the techniques known in the 
art. 

Further enhancement of the noble gas magnetic resonance 
signal may be obtained, independently of, or together with, 
hyperpolarization, by increasing the proportion of the 
imageable isotope in each noble gas to a level above the 
natural abundance of such imageable isotopes in the noble 
gas. In the case of ^^^Xe which has a natural isotopic 
abundance of about 26%, this amounts to enhancement by 
no more than a factor of four, even in a gas which is enriched 
to 100% *^Xe. Other considerations, such as the hypecpo- 
larizability of the noble gas, usually play a much larger role 
in signal enhancement, but isotopic enrichment can provide 
a significant contribution to the ultimate efGcacy of the 25 
present invention. This is especially true in the case of ^He 
which has a natural abundance of on the order of 10~^. Even 
the hypcrpolarizability of ^He and its very large magnetic 
resonance signal could be considerably offset by the low 
natural abundance of this isotope. Despite its low natural* 
abundance, however, ^He is readily available in very pure 
fonn as a result of industrial use of tritium (^H) which 
decays exclusively to ^He. The ready availability of artificial 
sources of ^He eliminates concerns regarding its low natural 
abundance and associated expensive enrichment processes. 

Noble gases may be hyperpolarized for use according to 
the invention through any of various means known in the art, 
such as spin>exchange interactions with optically pumped 
alkali metal vapor. (References 34-35, 49-50). Tht optical 
pumping and spin-exchange can be performed in the 
absence of an applied magnetic field, but is preferably 
performed using modest fields of about 1 G or lai;ger. 
Pumping in the NMR magnet bore at fields of several Tesla 
is also possible. The maximum steady state ^^'Xe nuclear 
polarization achievable depends on the time constant char- 45 
acterizing the spin exchange with the alkali metal and the 
time constant characterizing the relaxation (Ti) due, for 
example, to contact with the surfaces of the pumping cell. 
For instance, with Ti»20 min, polarizations of 20-40% are 
quite practicable, (Reference 32), and polarizations of 90% 59 
or more should be attainable. The long Tj of the gas also 
allows samples to be manipulated, even stored as Xe ice, 
(Reference 32), and u^sported on time scales of hours or 
even days, without serious loss of magnetizadon. 

The art of hyperpolarizing noble gases through spin 5S 
exchange with an optically pumped alkali-metal vapor starts 
with the irradiation of the alkali-metal vapor with circulariy 
polarized light at the wavelength of the first principal (D^) 
resonance of the alkali metal (e.g. 795 nm for Rb) The ^S^^ 
ground state atoms are thus excited to the ^P^^ state and 60 
subsequently decay back to the ground state. If performed in 
a modest (10 Gauss) magnetic field aligned along the axis of 
incident D, light, this cycling of atoms between the ground 
and first excited states leads to nearly 100% polarization of 
the atoms in a few microseconds. This polarization is carried 65 
mostly by the lone valence electron characterisdc of all 
' alkali metals; this essentially means that all of these elec- 



trons have their spin either aligned or anti-aligned to the 
magnetic field depending upon the helicity (right- or left- 
handed circular polarization state) of the pumping light If a 
noble gas with non-zero nuclear spin is also present, the 
alkali-metal atoms can undergo collisions with the noble gas 
atoms in which the polarization of the valence electrons is 
transferred to the noble-gas nuclei tiirough a mutual spin 
flip. This spin exchange results from die Fermi-contact 
hyperfine interaction between die electron and the noble-gas 
nucleus. By maintaining the alkali-metal polarization at 
nearly 100% with the pumping light, large non-equilibrium 
polarizations (5%-80%) are cuirenUy achievable in large 
quantities of a variety of noble gases through this spin- 
exchange process. For exan^)le, one currendy available 
Titanium:Sapphire-laser could theoretically provide 1 g/hr 
(200 cc-atm/hr) of highly polarized ^^^Xe. 

The alkali metals capable of acting as spin exchange 
partners in optically pumped systems include any of the 
alkali metals. Preferred alkali metals for this hyperpolariza- 
tion technique include Sodium-23, Potassium-39, 
Rubidium-85, Rubidium-87, and Cesium- 133. Alkali metal 
isotopes, useftd according to the invention, and their relative 
abundance and nuclear spins are listed in Table n, below. 
This list is intended to be illustrative and non-limiting. 

TABLE g 

Alkali Metals Capable of Spin Exchange 



35 



40 



Natural 



Nuclear 



■ Isotope 


Abundance (%) 


Spin 


"Na 


100 


3/2 




93,3 


3/2 




72.2 


. 5/2 


"Rb 


27.8 


3/2 




100 


7/2 



Alternatively, the noble gas may be hyperpolarized using 
metastability exchange. (References 28, 51). The technique 
of metastability exchange involves direct optical pumping 
of, for example, ^He without need for an alkali metal 
intermediary. The method of metastability exchange usually 
involves the excitation of ground state ^He atoms (I^Sq) to 
a metastable state (2^Si) by weak radio frequency discharge. 
The 2^Si atoms are then optically pumped using circularly 
polarized light having a wavelength of 1.08 ^m in the case 
of ^He. The light drives transitions up to die 2^P states, 
produdng high polarizations in the metastable state to which 
the 2^P atoms then decay The polarization of the 2^S, states 
is rapidly transferred to the ground state Uirough metasta- 
bility exchange collisions between metastable and ground 
state atoms. Metastability exchange optical pumping will 
work in die same low magnetic fields in which spin- 
exchange pumping works. Similar polarizations are achiev- 
able, but geneially at lower pressures, e.g,, about 0-10 Torr. 

The method of the invention preferably includes detecting 
and imaging at least one physical dimension of the spatial 
distribution of at least one noble gas, more preferably 
including detecting and imaging two or three physic^ 
dimensions. The method of the invention may also include 
detecting and imaging alterations in the spatial distribution 
of Che noble gas as a function of time. 

The generating of a representation of a noble gas prefer- 
ably includes generating a representation of at least one 
physical dimension of the spatial distribution of the noble 
gas, more preferably including generating a representation 
of two or three physical dimensions of the noble gas. The 
generating of the rq)resentation may also include generating 
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a representation of one or more physical dimensions of the 
spatial distribution of the noble gas as a function of time, 
including such NMR parameters as chemical shift, relax- 
ation, T2 relaxation and T^p relaxation. Preferably, the 
method of the invention includes generating a visual repre- 5 
sentation. 

Representations of the spatial distribution of a noble gas 
may be generated by any of the methods known in the art, 
subject to the type of information desired to be represented. 
These techniques employ various means for collecting and >^ 
manipulating nuclear magnetic resonance data for the gen- 
eration of images. Such methods are described in the litera- 
mre available in the art and include, without limitation, 
Fourier imaging, planar imaging, echo planar imaging, 
projection-reconstruction imaging, spin-waip Fourier imag- i^ 
ing, gradient recalled acquisition in the steady state 
(GRASS) imaging also known as fast low angle shot 
(FLASH) imaging, and hybrid imaging. 

Such imaging methods are described in, for example, 
Ernst et al„ Principles of Nuclear Magnetic Resonance in 
One and Two Dimensions (1987) (Reference 52), particu- 
larly Chapter 10, "Nuclear Magnetic Resonance Imaging", 
pages 539-564; Shaw, D. D., *The Fundamental Principles 
of Nuclear Magnetic Resonance", Chapter 1 in Biomedical 
Magnetic Resonance Imaging, S. W. Wehrli et al. eds. (1988) 
(Reference 53); and Stark et al. eds., Magnetic Resonance 
Imaging, Vol. 1, 2d ed. (1992) (Reference 40). These pub- 
lications are incorporated herein by reference. 

Hie selection of imaging method will depend on the 
behavior of the noble gas nucleus under investigation, the 
nature of the sample and the degree of interaction of the 
nucleus with the sample. The selection of imaging method 
will also depend on whether one or more spatial dimensions 
of the spatial distribution of the noble gas is desired to be 
represented and whether a temporal or time-dependent 
dimension is desired to be represented. When a multidimen- . 
sional representation is desired such representation may be 
generated by, for example, multi-slice imaging or volume 
imaging. ^ 

It is generally preferred that the image or representation 
be generated by a method which is as fast and as sensitive 
as possible. Preferred imaging methods include the FLASH 
or GRASS imaging method and the echo-planar imaging 
(EPI) method. These methods are preferred for their capacity 45 
to generate images through fast data acquisition, thereby 
conserving polarization of the noble gas. EPI is especially 
preferred because it is a relatively fast method and requires 
only one radio-frequency (RF) pulse per image. It thus 
permits maximum utilization of Uie available polarization, so 
These preferred methods also permit fast time resolution of 
time-dependent phenomena in human and animal subjects. 
Such applications include, for example, magnetic resonance 
angiography (MRA) studies, functional imaging of the ner- 
vous system (e.g., brain), as well as studies of variations in 55 
cardiopulmonary and drculatory physiological slates. 

The nuclear magnetic resonance imaging method of the 
invention also includes the registration of multiple imaging 
modalities. For example, using coils tunable to *^^e fre- 
quencies and the frequencies of one or more other magnetic 60 
probes permits enhanced data interpretation. Such combined 
multiple imaging approaches would include, for example the 
combined imaging of "'Xe with *H, and the imaging of 
more than one noble gas, such as imaging of *^^Xe with ''He. 
In this embodiment, geometric image registry and overlay 65 
are possible, including the generation of false-color images, 
in which distinct colors would represent distinct probes. 



Image subtraction techniques would also be possible using 
combinations of ^^^Xe wiUi other probes, or combinations of 
noble gas probes. 

The noble gas being imaged is preferably distributed 
spatially in at least one physical phase such as a gas, liquid, 
gel, or solid. The noble gas may be imaged as distributed in 
two or more physical phases in one sample. The noble gas 
being imaged may be distributed on a solid surface. The 
noble gas may be imaged in association with various mate- 
rials or environments such as, without limitation, zeolites, 
xenon clathrates, xenon hydrates, and polymers. 

The sample being imaged using a noble gas may include 
an in vitro chemical, in vitro biological or in vivo biological, 
system. When the noble gas distribution in an in vivo 
biological system is imaged, the system may include one or 
more human or animal subjects. The noble gas is preferably 
distributed in an organ or body system of the human or 
animal subject, including, without limitation, lung tissue, 
nervous tissue, brain tissue, gastrointestinal tissue or car- 
diovascular tissue or combinations thereof. Alternatively, 
the noble gas may be distributed in an anatomical space such 
as, without limitation, lung space, gastrointestinal tract 
space, peritoneal space, bladder space or combinations 
thereof. 

The noble gas may be contacted with the sample to be 
imaged in gaseous or liquid form, either alone or in com- 
bination with other components in a gaseous or liquid 
composition. The noble gas may be combined with other 
noble gases and/or othjsc inert or active components. The 
noble gas may be delivered as one or more boluses or by 
continuous or quasi-continuous delivery. 

In a preferred embodiment, there is also provided a 
method of performing nuclear magnetic resonance imaging 
of an animal or human subject by administering an image- 
able amoimt of a hyperpolarized noble gas to the subject, 
employing an NMR spectrometer to generate and detect 
radio-frequency signals derived from the magnetic reso- 
nance of the noble gas, processing the detected signals to 
obtain an NMR parameter data set as a function of the spatial 
distribution of the noble gas, and further processing the data 
set to generate a representation corresponding to at least one 
dimension of the spatial distribution of the noble gas. 

The noble gas may be administered to a human or animal 
subject as a gas or as a liquid, either alone or in combination 
with other noble gases and/or other inert or active compo- 
nents. The noble gas may be administered as a gas by either 
passive or active inhalation or by direct injection into an 
anatomical space such as limg or gastrointestinal tract. The 
noble gas may be administered as a liquid by enteral or 
parenteral injection. Hie preferred method of parenteral 
administration includes intravenous administration, option- 
ally by contacting blood with the noble gas extracorporeally 
and reintroducing the noble gas-contacted blood by intra- 
venous means. 

The cost of a purified noble gas tends to be relatively high 
as compared to the cost of common gases such as nitrogen 
or carbon dioxide. The cost is especially high in the case of 
Xenon which has been enriched to, for example, 70% *^e. 
However, being inert, the noble gas is not metabolized in 
biological systems and can be recovered. For example. 
Xenon can be recovered from the exhaled breath of human 
subjects over about a 20 nunute period. Such apparatus for 
noble gas recovery and repurification would include, for 
example, a cold trap and/or a zirconium getter apparatus, 
such as are known in the art Other apparams for recovery 
of noble gases may be employed. 



8/30/05. EAST Version: 2.0.1.4 



5,545,396 



13 



14 



10 



15 



20 



It is preferred that, because of the high cost of the noble 
gas, the gas be maintained in a system which is substantially 
sealed to prevent loss to the atmosphere. Sealed containment 
apparatus would include a noble gas source, such as a gas 
canister or compressed gas tank, conduits to and away from 
a sample, as well as recovery apparatus. 

The noble gas source may include a permanent or semi- 
permanent canister or pressurized containment apparatus. 
Alternatively, the noble gas may be supplied in disposable or 
rcfillable one-use containers such as pressurized gas 
ampoules or cylinders. The noble gas source may be inte- 
grated with a sealed noble gas supply and recovery system 
or may be stored separately and affixed to and opened to the 
supply and recovery system on a periodic or as-needed basis. 

The sample to be studied, whether a physical structure, a 
chemical system, an in vitro System, a living animal or 
human host, or other suitable sample, is preferably imaged 
using apparatus which substantially prevents loss of Xenon 
to the environment, although the invention may be practiced 
without such apparatus. Thus, a sample may be imaged 
while maintained in a sample chamber substantially suffused 
or suffiisable with the noble gas. Alternatively, for human or 
animal subjects, the subject may be iitted with an adminis- 
tration device, such as a sealed mask, for adminisuation of 
the noble gas. In such cases, the sample chamber or noble 25 
gas administration device preferably communicates with a 
noble gas source and/or a noble gas recovery apparatus. 

A hyperpolaiized noble gas may be stored for extended 
periods of time in a hyperpolarized state. Storage systems 
capable of cryogenic storage of a hyperpolarized noble gas 
are preferably able to maintain temperatures such that noble 
gas is stored in frozen state. Frozen ^^^Xe can be reasonably 
maintained at fields of ^500 Gauss at temperatures ranging 
from 4,2 K. (liquid helium temperature), for which Ti is 
about a million seconds (10 days), to 77 K. (liquid nitrogen 
temperature), for which T^ is about 10 thousand seconds. 
The fields necessary here may be provided by a small 
permanent magnet or by a larger electromagnet typically 
carrying on the order of ten or more amperes of current For 
^He, things are quite different Relaxation rates are such that ^ 
low lQ-20 Gauss fields can be used to hold it at room 
tcmperature-a few atmospheres will live for days under 
these conditions. The field here could also be a permanent 
magnet or a Helmholtz pair of coils carrying about one 
ampere of current. The conditions required for maintaining 
other hyperpolarized noble gases may be determined by 
those skilled in the art. 

A noble gas which has been hyperpolarized by spiin 
exchange with an alkali metal may be stored either before or 
after removal of any alkali metal used in spin exchange 
hyperpolarization techniques. In all cases in which rubidium 
or other alkali metal would interfere with the behavior of the 
system the alkali metal is removed before introduction of the 
noble gas to the sample. This removal of toxic alkali metal 
is important in biological samples and is especially critical 
in cases in which the sample is a living human or animal 
subject. 

An alkali metal removal device may be employed either 
distant from the imaging site or proximally thereto. For 50 
example, the alkali metal removal device may be incorpo- 
rated in a sealed noble gas administration system at a point 
prior to a conduit to a sample chamber or other administra- 
tion device. 

An alkali metal removal device would generally include 
a conduit for conducting the noble gas to a region or 
chamber which is cooler than the pumping region. At room 
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temperature, the saturated vapor pressure of Rubidium, i.e., 
the pressure in an enclosiu-e in the presence of a pool of 
liquid Rubidium, is about 10"^ atm. By moving the noble 
gas away from any macroscopic pools of liquid Rubidium, 
any remaining vapor is likely to plate out onto a cool (e.g., 
room temperature) surface, thereby never reaching an 
experimental subject. It is preferred, however, that a cold 
trap, such as is known in the art, be used. 

The delivery of the noble gas to a sample may be 
performed as single or multiple bolus delivery. Such deliv- 
ery would ordinarily be suited to the study of systems in 
which observations of the change in noble gas distribution is 
important Such systems would include, inter alia, human or 
animal subjects in which an anatomical or physiological 
event or events are being examined as a function of time. 
Alternatively, the delivery of the noble gas to a sample may 
be performed as a continuous or quasi-continuous delivery. 
Such delivery would ordinarily be desired when steady state 
analyses of samples are desired. For example, high resolu- 
tion imaging of human or animal organ systems would be 
possible by sequential imaging of steady state Xenon con- 
centrations by data processing, e.g., image subtraction or 
signal averaging. Hypopolarized Xenon or other noble gas 
could also be used as a marker or for contrast enhancement 
in whole body ^HjO NMR imaging in which the noble gas 
NMR signal could be digitally subtracted from the ^HjO 
NMR image For example, hyperpolarized Xenon could be 
introduced in the gastrointestinal tract of a subject to inflate 
the regions therein and to provide contrast enhancement 
when digital subtraction of signals is performed 

Comparative data have been obtained which illustrate the 
NMR behavior of ^^'Xe in various environments. For 
example, various groups have determined chemical shift and 
relaxation rates (Tj and Tj) for *^^e in environments such 
as n-octariol, benzene, water and myoglobia (See Refer- 
ences 2, 16). Octanol represents a relatively non-polar 
lipid-like environment resembling the interior of the cell 
membrane, water models aqueous regions, and the myoglo- 
bin solution represents a protein to which Xenon is known 
to bind. (Reference 54). The measured range of resonance 
frequencies for Xenon extends approximately 300 ppm over 
the gas and condensed phase. (Reference 2). Although the 
range of chemical shifts observed in these model biological 
systems is not as large as that in other solvents, it is lai^e 
compared to the relevant ^'F brain resonance values that 
have been reported. (Reference 3). 

Moreover, the huge range of T^ values is extraordinary. 
Table m lists some reported values of T^ and for ^^e 
in octanol, water and aqueous Fe(III) metmyoglobin (Ref- 
erence 54); models representing two major cell compart- 
ments, lipid membrane and cytosol. The values for T] in 
octanol, 80 s, and water, 130 s, provide an indication of the 
extraordinarily long lifetimes of ^^^e polarization (anoxic 
tissue with no other relaxers). In other biological environ- 
ments, longer T^ values are possible. The lower limit is 
unknown: The 5 ms T^ in 10% Fe(III) metMb (a strong 
relaxer) implies a physiological lower limit much higher 
than this. The extremely short Tj and Tj values found for the 
protein solution certainly occur because Xenon binds very 
near the paramagnetic center of metmyoglobirt (Reference 
54). 
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TABLE ni 


ENVIRONMENT 


T,(s) 




A"»Xe (ppm)* 


Octaool 


78^ 


5.3 


204.6 


Waicr 


131.3 


53 


195.3 


Myoglobin 


5,2 X 10-^ 


0.57 X 10-' 


199.4 


Benzene 


160.5 


0.88 


196.4 


Pure Gas Phase 


56hn 


g56hrs 


0.4 



(I aim) 

10 

*Shift relative to shift cbserved in pure gas at 0 atm. 

The value of T^ in benzene at 300*' K., i.e., Ti=160 s, 
agrees well with that of Diehl and Jokisaari, i.e., 
Ti=155.0±6.2 s. at 9.4 T and 300° K., (Reference 43), rather 
than with the value of Ti=240 s obtained by Moschos and ^5 
Reisse. (Reference 55), Measurements of T, and Tj for 
"^Xe are difficult to obtain, hence scarce. The values quoted 
here represent a significant fraction of the known list. The 
difficulties are obvious: typically, longitudinal relaxation 
times are long; low signal strength requires signal averaging 
of many free induction decay (FID) traces, hence very long 
overall accumulation times. The problem is particularly 
acute in aqueous systems: as noted above, the solubility of 
Xenon at 30° C, 0.5 atm, is 48 mM in octanol, but only 2.4 
mM in water. 25 

It would be desirable to investigate the possibility of 
observing multiple ^^®Xe resonances within brain tissue, but 
the small signal from the small, largely aqueous brain 
volume of a live mouse, breathing an atmosphere of 50-70% 
normal Boltzmann-polarization *^e, would require an 
enormous time interval of data collection for adequate signal 
averaging. 

Seeking a system that would be tolerably stable for the 
necessary time interval, capable of being sealed with Xenon 
at 2-3 atm, but close enough to functioning brain cells, the 
behavior of Xenon in a synaptosome suspension has been 
studied. (Reference 16). Synaptosomes are presynaptic 
nerve terminals sheared away from their attachments to form 
resealed subcellular pseudocells that retain the morphology 
and chemical composition of the terminal nerve cell region, 
and much of the membrane functionality. Synaptosomes are 
rich in postsyn^tic adhesions and constitute a source for 
postsynaptic membranes, syns^tosomal mitochondria, 
transmitter receptors, and cleft material. 

FIG. la shows a smooth, high S/N spectrum of 3 atm 
Xenon in equilibrium over a 10% (wet weight) rat brain 
synaptosome suspension as described by Albert et al. (Ref- 
erence 16). This spectrum is resolution-enhanced with Gaus- 
sian broadening of 0.01 Hz and line broadening of -5.0 Hz. 50 
Two peaks can be seen; a broad resonance of about 3.4 ppm 
to higher frequency of a narrow component The narrow 
peak appeared 0.33.ppm to higher frequency of that of '^e 
in pure water, and is likely due to bulk magnetic suscepti- 
bility shift effects. Although collected using a simple one- 55 
pulse sequence, the spectrum required 27 hours of signal 
averaging to obtain the degree of signal strength and reso- 
lution shown. 

An alternative model for investigating ^^'Xe behavior in 
brain tissue has also been tested. FIG. lb shows a *^^Xe 60 
spectrum obtained from a sample of rat brain homogcnate as 
described by Albert et al. (See Reference 16). This spectrum 
also shows two resolved peaks; indicating that slow-ex- 
change compartmentalization of ^^^Xc in complex biologi- 
cal systems can also be observed. Hie decrease in high-field 65 
signal (aqueous ^^^Xe) as compared to the synaptosomal 
spectrum (FIG. la) reflects a decrease in water content in the 
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preparation. The spectrum of FIG. lb required 8 hours of 
data accumulation, reflecting the difficulties inherent in 
attempting to examine *^'Xe in biological systems. 

The behavior of *^^e in brain tissue has been smdied by 
investigating whether any signal could be obtained from 
*^^Xe in whole rat brains. (See Reference 16). FIG. Ic 
shows a spectrum of ^^e obtained from a whole rat brain 
preparation, again showing two resolved peaks, but obtained 
with further decreased S/N. The two resolved peaks provide 
further evidence that ^^^Xe is slow-exchange compartmen- 
talized in complex biological systems. A further decrease in 
the proportion of high-field signal (aqueous ^^^Xe) as com- 
pared to FIGS, la and lb, reflects a further decrease in water 
content in this sample preparation. The spectrum required 8 
hours of data accumulation, again illustrating the difficulty 
of obtaining NMR data from ^^^e in biological systems. 

It is known that ^^^Xe, which has a long longitudinal 
relaxation time in the gas phase, can be relaxed by magnetic 
dipole-dipole interaction and/or Fermi-Contact interaction 
with the unpaired electron spins of dioxygen. (Reference 
18). The solubility of Xenon (and also of dioxygen) in water 
is low. Due to the low sensitivity of the *^Xe signal, the 
time required for determining the relaxivity of Oj toward 
^^'Xc with a series of Tj determinations over a range of Oj 
concentrations in water would be prohibitively long. 

The relaxivity of O2 toward ^^'Xe has been measured in 
only one liquid, i.e., octanol, which models an amphipathic 
membrane lipid. (Reference 17). The observed relaxivity, 
0.029 s~'niM~S is about three times larger than that esti- 
mated from previous reports for gas-phase relaxation, i.e., 
(Reference 18), 0.0087 s~^mM~^ as might be expected for 
encounters in the condensed phase. The dioxygen relaxivity 
for ^^^Xe is constant over the concentration range studied, 
and thus l/T, will be a linear function of O2 concentration 
over the entire physiological range {0-02 atm, 0-0.2 mM). 
This translates into a T^ value of 18 s in air-saturated lipid, 
and 80 s in anaerobic lipid, in the absence of other relaxers. 
This is the first reported value for the relaxivity toward 
^^'Xe in a condensed phase. T2 values over these O2 
concentrations have been determined to range from 0.5 to 
5.0 s. Hiese results indicate that the range of T^ to be 
expected in tissue in vivo is about 1-20 s. In fact, given the 
relative inefficiency of the known non-paramagnetic relax- 
ation mechanisms, it is suspected thatT, in many tissues will 
not fall below seconds or even tens of seconds. These results 
are of critical importance to physiological studies using 
^^^Xe magnetic resonance spectroscopy. 

Using Boltzmann polarization ^^^e data have been 
obtained which allow estimation of Ti=38 s (±8 s, SD) for 
^^^e dissolved in rat blood at 293° K. (Reference 17). 
However, since 12 hours were required to obtain this daut 
set, the result serves only to estimate what the normal 
physiological T^ might be in vivo. 

This estimate of Tf=38 s for *^^Xe dissolved in rat blood 
at 293** K. is very encouraging. Although this result, 
obtained over a 12 hr period (using Boltzmann ^^^Xe), might 
not be representative of physiological blood, the changes 
likely to occur in blood maintained at room temperature for 
long periods, e.g., methemoglobin formation, would tend to 
decrease the value observed for T^. One can also estimate T, 
values for other model systems. The Ti of '^Xe in water has 
been measured at 300"* K. to be 130 s. (Reference 16). ^^e 
exchange with protein binding sites will lower this value, 
(Reference 16), but the contribution from aqueous O2 should 
be minimal. T, for ^^'Xe in octanol, a classic membrane 
phase model, is 80 s. (References 16-17). Since membrane 
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bilayers sequester both Xe and Oj, it should be possible to 
use the values for Xenon and Oxygen distribution ratios, 
(Reference 45), between octanol and water of 20:1 and 6:1, 
respectively, and of the O2 relaxivity in octanol of 0.029 
s"^mM~^ at 300° K., (Reference 17), to estimate the Tj value 5 
for '"Xc in fully oxygenated membranes to be > 15 s. While 
the actual values of Ti in each tissue must be, and remain to 
be, determined, it is expected that the minimum value will 
fall above 15 s, a duration sufQcient to enable significant 
accumulation of polarized ^^^Xe in major tissues. 

The unusual and extraordinary properties of hyperpolar- 
ized noble gases permit imaging of a wide variety of organs, 
body systems, and anatomical structures. Such structures 
can be imaged in live or deceased subjects, depending on 
application, and such subjects can include human as well as 
animal subjects. For example, hyperpolarized Xenon will 
have particular clinical importance in providing nuclear 
magnetic resonance imaging of neural tissue diseases, vas- 
cular plaques, compromised blood flow, tumors, as well as 
functional imaging of the brain's response to sensory 
stimuli. The properties of other noble gases will render them 
usefiil in a variety of other situations. For example, it is 
expected that because of its low solubility, ^He will be of 
major clinical importance in imaging anatomical spaces 
such as lung or other artificially inflated oigans. 

The differential solubility of Xenon and other lipid 
soluble, hyperpolarizable noble gas isotopes would permit 
noble gas NMR differentiation between white and gray 
matter in brain tissue, while lipid membranes are essentially 
invisible to ^HjO MRI For example with respect to neural 
tissue disease, in white matter regions of the lower medulla 
and the spinal cord ^HjO MRI contrast is poor while the 
high lipid solubility of Xenon and other noble gas anesthet- 
ics will permit imaging of hyperpolarized isotopes. Such 
imaging would have diagnostic importance for patients 
sufifering from nerve tissue demyelinatioa Hyperpolarized 
noble gas MR] would be of use for imaging of subdural 
hematomas as well as cystic and necrotic changes. Indica- 
tions of low noble gas uptake in avascular regions would be 
valuable in demonstrating isodense fluid collections. (Ref- 
erence 56). With respect to differentiation between tumors 
and infarcts, in ischemic lesions, noble gas washin/washout 
is delayed and blood flow is diminished, while in infarcted 
tissue, only the noble gas equilibrium level is diminished. In 
cases of multiple sclerosis ^HjO MRI often cannot provide 
useful images of plaques, while differential noble gas uptake 
(high in normal tissue vs. low in demyelinated plaques) 
would permit effective Xenon images. Similarly, in cerebral 
vascular and peripheral blood vessel plaques, the plaques 
have little or no noble gas uptake and would appear dark in 
a noble gas image. (Reference 57). 

Images of Xenon (and other noble gas anesthetics) would 
also indicate cerebral, coronary and peripheral vessel 
defects; providing obvious indications of blood vessel con- 
strictions and aneurysms. In particular, measurements of 55 
regional cerebral blood flow would be possible with greater 
exactness than is possible with other techniques. Also, study 
of the effects of spasms on blood flow in cases of subarach- 
noid hemorrhage would be rendered possible. 

Functional study of brain tissue is also expected to be 
dramatically enhanced by the imaging of hyperpolarized 
noble gas anesthetics, especially Xenon, according to the 
invention. For example, changes in local blood flow caused 
by visual, tactile, and other stimuli should produce dramatic 
fluctuations in *^^Xe signal intensity. In addition, the eluci- 
dation of the precise relationships between neurological 
changes and psychological states has been a major goal of 
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neurobiologists. Electroencephalography, positron emission 
tomography (PET) and recently, ^HjO MRI have been used 
in this field. Hyperpolarized Xenon MRI. with its high 
sensitivity, as exploited through fast electronics, has the 
potential to make huge contributions to this area. Disease 
states such as epilepsy, schizophrenia, depression and bipo- 
lar illness can be studied. 

Clearly, hyperpolarized noble gas MRI has essentially 
unlimited potential application in medical settings. Hyper- 
polarized noble gas MRI could displace or supplement 
conventional MRI, and even the ubiquitous but intrusive 
X-ray CT scan, in at least several large areas: (1) the lung, 
heart, and cardiovascular systems; (2) the brain, especially 
since brain membrane lipids are invisible using current 
techniques; (3) brain function, since the ^^^Xe signal will 
respond directly and strongly to metabolic changes in neural 
tissue. 

Noble gas MRI promises to complement 'HjO-based 
imaging in a dramatic way. The near million-fold enhance- 
ment in sensitivity to noble gases enabled by hyperpolar- 
ization should result in temporal and spatial resolution in 
imaging superior to that achievable with ^H20. In addition, 
the solubility of, for example. Xenon in lipids should permit 
imaging of organs that currently require far more intrusive 
techniques such as X-ray computerized tomography scan- 
ning. 

The following non-limiting Examples are intended to 
further illustrate the present invention. In the Examples 
provided below, the experimental conditions were as follows 
unless otherwise noted: magnetic resonance spectra were 
obtained using a Bruker MSL 400 spectrometer equipped 
with a 9.4 T widebore vertical magnet, an ASPECT 3000 
computer, a BVT 1000 variable temperature control unit, 
and employing a high-gradient Bruker micro-imaging probe 
and solenoidal transceiver coils of 13.3 and 20 mm diameter, 
operating at 110.7 MHz for ^^'Xe and 400 MHz for ^H. The 
spectrometer was not field frequency locked during the 
image acquisitions. 

EXAMPLE 1 

Xenon-Oxygen and Xenon-Oxygen-octanol **Boltzmann" 
imaging phantoms were prepared by standard quantitative 
high-vacuum gas-transfer techniques Xenon gas, enriched to 
70% *^^Xe, was obtained from Isotec Inc., of Miamisburg, 
Ohio. 

Image acquisition made use of a Fast-Low-Angle-SHot 
(FLASH) phase refocused, free-precession, fast gradient- 
echo imaging sequence as described by Haase et al. (Ref- 
erence 58). This sampling-pulse technique was originally 
introduced by Look et al. (Reference 59). Standard proton 
microimaging gradients of 100 mT/m yielded a 50x50 nmi^ 
field of view for ^^^e. A 128x64 encoding matrix was used, 
which set the spatial resolution to 0.8x0.8x8 mm^. 

FIG. 2b illustrates an image of a 20 mm ^^'Xe glass 
phantom containing 5 atm Xe at Boltzmann equilibrium 
polarization (2 atm Oj was used to reduce T,). This image 
may be compared to those images in FIG. 3c and 3^. FIG. 
3 illustrates the spectrum and images of a *^Xe gas-octanol 
glass phantom containing ca. 5 atm Xe at Boltzmann equi- 
librium polarization (2 atm O2 was used to reduce Tj), The 
observed resolution of 1x2x20 mm^ per volumetric picture 
element (voxel) was achieved by accumulating 64 replicate 
FLASH imaging sequences over 7 min. Note that, as shown 
in FIG. 3b, the ^^^e signals from the gas and octanol phases 
are separated by 186 ppm: this implies that the imaging 
gradients produce no overls^. 



8/30/05. EAST Version: 2. 0. 1.-4 



5,545,396 



19 

EXAMPLE 2 



20 



Images of hyperpolarized *^Xe in glass sphere phantoms 
were obtained as follows. Optical pumping cells were con- 
structed of 13-18 mm diameter Pyrex® spheres. Before ^ 
filling, the cells were coated with a siliconizing agent 
Surfasil obtained firom Pierce, of Rockford, 111., attached to 
a high vacuum manifold, evacuated to -ICT® Ton, and baked 
at 150** C. for about 24 hours. The silicone coating appar- 
ently reduces relaxation of '^^Xe on the walls of the glass 
sphere, permitting creation of larger polarizations. The 
spheres were then filled with 400-1800 Torr Xe, 75 Ton 
and a few milligrams of Rubidium metal. Once filled with 
the test gas or gas/liquid, the glass cells were fiame sealed. 

Optical polarization was performed generally in accor- 15 
dance with techniques known in the art, in particular the 
methods of Gates et al., (Reference 35), as follows. The cells- 
were heated to 85° C The entire volume of the cell was 
exposed to 2-4 W of 795 nm Rb Dj laser light from a 
Spectra Physics 3900S Utanium-Sapphire laser, which was 20 
itself pumped by a Spectra Physics 171 Argon-Ion laser 
operating at 18-23 W. Both lasers were obtained from 
Spectra Physics of Mountain View, Calif. The laser illumi- 
nation of the cells was performed in the bore of the 9.4 T 
magnet described above, at a field strength of 9.4 T. After 25 
15-20 min. of optical pumping, the cells were cooled to 
room temperature and employed for MR experiments. 

Image acquisition made use of a Fast-Low-Angle-SHot 
(FLASH) phase refocused, free-precession, fast gradient- 
echo imaging sequence as described by Haase et al. (Ref- 30 
ercnce 49). This sampling-pulse technique was originally 
introduced by Look et al. (Reference 50). This technique 
takes advantage of the fact that, for small 0, the transverse 
projection, i.e., sin 8, allows substantial signal strength, 
while the loss in longitudinal projection, i.e., 1-oos 6, 35 
permits only a small loss in Z-magnetization per pulse. 
Standard proton microimaging gradients of 100 mT/m 
yielded a 50x50 mm^ field of view for ^^'Xe, A 128x128 
encoding matrix was used, which set the spatial resolution to 
0.37x0.37x1 mm', 40 

FIG. 4 illustrates a series of images obtained from slices 
in the plane defined by the Y and Z axes through a 13 mm 
diameter cell containing 4CX) Ton of laser-polarized Xenon. 
The laser-polarization was performed within the bore of the 
9.4 T magnet Each image was collected in a single FLASH 
sequence lasting 600 msec., with 0.37x0.37x1 mm^ resolu- 
tion. FIG. 4d displays the variation in ^^'Xe intensity 
characteristic of an image slice through a domed end of the 
sphere. The other slices were obtained from sections closer 
to the center of the spherical phantom and are more homo- ^ 
geneous and uniformly bright For this experiment the ^^^Xe 
polarization was estimated to be 25-30% by signal com- 
parison to a cell of identical dimensions containing Xenon at 
a higher pressure but at Boltzmann polarization (illustrated 
in HG. 3b). 55 

EXAMPLES 

Nuclear magnetic resonance images of mouse lungs were 
obtained using hyperpolarized *^'Xe according to the fol- 50 
lowing method. 

In order to deliver a quanti^ of hyperpolarized ^^'Xe to 
a biological specimen, several obstacles must be overcome. 
To date, *^'Xe has only been successfully hyperpolarized in 
very pristine environments such as sealed glass cells. Such 65 
purity is essential because any paramagnetic impurities will 
greaUy reduce the longitudinal relaxation time Tj of the gas 



and thus lower the achievable polarizations. To preserve the 
successful sealed-cell polarization techniques and still 
deliver the polarized gas to an external specimen, cells 
equipped with thin break seals were developed. A glass 
delivery tube, equipped with a piston, was devised so that, 
once the ^^'Xe was polarized, the cells could be sealed into 
the delivery tube, their break seals broken by the action of 
the piston, and the polarized gas freed to expand into the 
biological specimen. 

FIG. 7 shows a delivery tube device 10 developed for the 
deliveiy of a noble gas, e.g., *^^Xc from a sealed cell 16 to 
a sample within the bore of an NMR specut>meter. The 
delivery device 10 includes a cylinder 12 witiiin which a 
piston 14 can be controllably displaced in an axial direction. 
The cylmder 12 is threaded on an external surface at one 
end. The cylinder threads match threads on the internal 
surface of a control handle 22 which is rotalably attached to 
the piston 14. The device also includes at least one O-ring 
24, 26 providing a gas tight seal between tiie internal surface 
of the piston 14, while permitting axial movement of the 
piston relative to the cylinder. At the other end of the 
cylinder 12, i.e., opposite the threads adapted for receiving 
the control handle 22, is sealable inlet port 20 adapted for 
receiving a breakable neck 18 of the se^ed cell 16 contain- 
ing pressurized noble gas. The inlet port 20 is sealed with a 
glass-sealing wax around the breakable neck 18 of the sealed 
cell 16 containing pressurized noble gas. The delivery 
device 10 also includes an outiet 28 communicating with the 
inlet port 20 connected to a conduit 30 to a medical sample 
and through which a. noble gas can be delivered to tiie 
sample. The dead volume 32 in the delivery device is 
preferably as small as possible to minimize dilution of the 
noble gas as it passes from the cell 16 to the medical sample 
during operation of the delivery device 10. The 0-rings 24 
are therefore also preferably positioned as close to the break 
point of the sealed neck 18 as possible. 

The device 10 is preferably operated in situ, i.e., inside the 
NMR spectrometer used for imaging the noble gas in tiie 
sample, and is designed so that the seal of cell 16 can be 
broken by remote manipulation of the control handle 22, 
which when rotated displaces the piston 14 toward the neck 
16 until contact with neck 16 is made sufficient to break neck 
16 and release the pressurized noble gas. 

Mouse lungs, intact with trachea and heart were freshly 
excised from 30-35 g Swiss- Webster mice which had been 
freshly euthanized with 100 mg/kg sodium pentobarbital. 
The trachea was intubated witii 1 mm OD Silastic medical 
grade tubing and the heart-lung preparation was placed in a 
10 mm internal diameter glass cylinder, inserted into a 13.3 
mm imaging coil and flushed with one inflation of N2. 
Polarized Xenon gas was prepared as described in Example 
2 except that the cells were illuminated away the bore of tiie 
9.4 T magnet at a low field strength (approximately 10 mT), 
The hyperpolarized ^^^e was delivered through the use of 
18 mm OD Pyrex spheres provided with break-seal stems 
which had been sealed into a vacuiun tight glass delivery 
tube (illustrated in FIG. 7) suspended in the bore of the 
magnet. The tubiiig from .tiie mouse trachea was attached to 
the end of the delivery tube. Once the break-seal had been 
fractured, the 13-20 atm/cm^ Xenon was free to expand into 
the lung. Gas pressures and volumes were adjusted to inflate 
the lung to approximately 1 atm of gas within one second, 
during which time only a minimal amount of relaxation of 
the polarization could take place. 

Images were obtained using tiie NMR protocol described 
in Example 2 above. FIG. 5 presents a sequence of images 
illustrating the time-evolution (t;=O>10 s) of the distribution 
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of hyperpolarized ^^^Xe entering the lung of a heart prepa- 
ration. The images represent 1.0 nun thick slices through 
mouse lung inflated with laser-polarized *^^Xc gas. The 
plane of the slices is perpendicular to the (absent) vertebral 
column (i.e., anatomical cross section). Voxel size is 0.37X 5 
0.37x1 mm^, and specimen diameter is 10 mm 

FIG. 5a shows a '^^Xe image of lung obtained inmiedi- 
ately after inflation (i.e., 1=0 s), such that the lung is 
completely expanded to fill the glass cylindrical enclosure. 
At this point, the lung still largely contains the from the 10 
dead volume of the delivery systenL Only the trachea, hints 
of the bronchi, and some of the lung peripheiy have received 
"®Xe at this point. 

PIG. Sb is an image obtained about 1 s later than the 
image in FIG. 5a (i.e., t=l s). At this time the maximally 15 
inflated lung has received substantial "'Xe. Both lobes of 
the lung can be seen with significant contrast variation and 
a small darker central region where the heart excludes the 
Xenon gas. Note that the lobes of the lung have expanded to 
press against the interior surface of the 10 nun diameter 20 
glass tube in which they are contained. 

FIG. 5c is an image obtained seven seconds later than the 
image obtained in FIG. 5b, (i.e., t=8 s), showing that the lung 
has partially deflated. The lobes are more clearly delineated 
and the central heart space is more apparent. The y-axis 25 
resolution of this image is lower because it was anticipated, 
incorrectly, that the ^^^e magnetization remaining after the 
image in FIG. Sb would necessitate the use of larger voxels 
and fewer slice selection pulses. Thus not all imaging 
parameters were optimized in acquiring these images. Qpti- ^ 
mization would likely have produce resolution between 2 
and 4 times better than that achieved. 

Finally, FIG. 5^ shows a image of the same slice of the 
heart-lung preparation. The heart, just below center, is the 
primary source of intensi^, while a drop of saline delineates 
the upper left boundary, as confimned by visual observation 
of the sample. 

Thus, the *^'Xe lung image is an excellent complement to 
standard proton NMR imaging. The ^^^Xe image is clearly ^ 
bright where the *H image is dark, and vice versa. Lung 
tissue is not readily seen in water proton images; only at 
magnified intensity does one see a faint trace of the lobes. It 
is believed that this phenomenon is not the result of a 
relative lack of protons, but is almost certainly due to the 
extreme local variation in bulk magnetic susceptibility at the 
highly complex gas-tissue interface which causes extremely 
short T, values. (See Reference 8). This is, evidently, not a 
problem for gas phase *^'Xe. 

FIG. 6 shows the time variation of ^^^e magnetization in 50 
the same lung as that imaged in FIG. 5 after another bolus 
of hyperpolarized ^^^Xe. The decrease in '^^e magnetiza- 
tion following the rapid influx of ^^'Xe into the lung is 
distinctly not monoexponential. The curve, decomposed into 
a sum of two exponentials, allows a value of Tj of approxi- 55 
mately 28 s to be extracted from the trailing edge of the 
decay. The early decrease in intensity probably reflects bulk 
transfer of ^^'^Xe out of the lung (deflation to resting volume) 
rather than magnetization decay. This is evident from the 
difiference between the turgid lung in FIG. 5^ (ca. 1 s after 50 
Xc release) and the lung in FIG. Sc (7 s later): the lobes have 
shmnk and the bright trachea has descended. This effect was 
confinned visually using boli of Nj. 

The *^*Xe images shown in FIG. 5 were obtained in 600 
ms using a Xenon concentration of approximately 40 mM, 65 
a concentration which is tiny compared to the 80-100 M 
concentrations of proton typical of ^HjO imaging. None- 



theless the signal intensities, spatial resolution (<0.3 mm^), 
and data acquisition rates all exceed those obtained in 
conventional clinical 'HjO-MRI. Moreover, the magnetiza- 
tion densities are so large that several images can be 
generated in rapid succession, allowing for real-time track- 
ing of physiological processes. 

It is believed that these images are the first reported for 
either Boltzmann or laser polarized *^^Xe. While HG. 5 
demonstrates quite clearly the power of this technique for 
imaging the lungs, it may turn out that ^He which has a 
larger magnetic moment, longer gas phase T, values, (Ref- 
erences 60-61), and which is significantly less expensive 
than ^^^e, may be the nucleus of choice for limg imaging. 
However, the features of Xenon which are unmatched by the 
lighter noble gases, include its good solubility in non-polar 
solvents and its high electronic polarizability, (Reference 
47), which is responsible for the extreme sensitivity of the 
'^'Xe resonance frequency and relaxation time values to 
environment. (References 16-17). 

Such applications, however, do require that the longim- 
dinal relaxation time of polarized ^^^Xe be long compared to 
the time scales of the processes being studied. The question 
that immediately arises is whether the T^ of polarized ^^^Xe 
in the lung is long enough to permit transport of sufficient 
magnetized probe to the various tissues, and whether T| in 
these tissues will allow survival of adequate signal for 
imaging. 

While long relaxation times can be attained by laboriously 
constructing pristine environments such as pumping cells 
(Ti>30 min), biological simations pose a marked departure 
from such ideal conditions. For instance, as noted above, 
paramagnetic O2 in the gas phase has been shown to relax 
^^*'Xe with a relaxivity of 0.0087 s"'^mM~^ (Reference 18). 
Measurements showing thatTi»28 s in the nitrogen flushed 
lung indicate that this is quite sufficient for lung imaging 
applications. This is demonstrated by the fact that two 
images, 7 seconds apart, could be acquired with a single 
bolus of Xenon. For the case of a live, breathing animal, we 
can use the O2 relaxivity data to estimate the contribution to 
relaxation for the component of Oxygen contained in alveo- 
lar air (-110 Torr, 5.7 mM). For an animal breathing 
40-75% Xenon and 20% O2, we estimate Tj to be on the 
order of 10-15 s, which is clearly adequate for lung imaging 
(FIG. 93c), Moreover, 1 2 s represents 5-10 blood circuits in 
a mouse, (Reference 62), and nearly a full circuit in a human. 
(Reference 63). Pulmonaiy blood should receive adequate 
concentrations of polarized ^^Xe. 

The high ^^'Xe polarizations attained permit the use of 
high-speed imaging protocols hitherto limited to ^HjO. We . 
note that our field gradients and acquisition programs, 
conservatively chosen to match standard ^HaO protocols, 
waste both time and *^Xe magnetization sampling empty 
voxels. Without any optimization of parameters, the contrast 
and resolution are already quite adequate. Future optimiza- 
tion of imaging parameters should easily in^>rove upon 
these eariy images. Moreover, typical voxel sizes for human 
specimens, especially under the more exigent restraints of 
functional imaging, are 3x3x8 inm^, or larger. (Reference 
64). This represents a voxel that is 500 times larger than 
those displayed in FIG. 5. This represents, of course, either 
500 fold more ^^'Xe spins per voxel or the feasibility of 500 
fold dilution of the *^b(e for equivalent signal intensity. 

Though our studies made use of relatively expensive 
isotopically enriched Xenon (70% ^^'Xe), a sacrifice of a 
factor of only 3 in MR signal would result from the use of 
inexpensive natural abimdance Xenon (26% ^^^Xe). 
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Because the polarizations achieved through optical tech- 
niques are entirely field-independent, G^eferences 32, 20), 
MR signals scale only linearly with field. Thus, MRI using 
laser-polarized gases can be performed at lower magnetic 
fields with only linear sacrifices in signal intensity (as s 
opposed to the quadratic loss with Boltzmann polarization 
MR). In fact, the ratio of hyperpolarized to Boltzmann spin 
excess increases as magnetic field decreases; thus, in a 1 T 
clinical magnet the ratio is 10^. 

If the actual relaxation times in different physiological 10 
environments turn out to be close to those estimated above, 
the extension of ^^^Xe imaging to other parts of the body 
should prove to be limitless. 
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While there have been described what are presently 

believed to be the preferred embodiments of the invention, 
those skilled in the art will realize that changes and modi- 
fications may be made thereto without departing from the 
spirit of the invention, and it is intended to claim all such 
changes and modifications as fall within the true scope of the 
invention. 
We claim: 

1. A method of nuclear magnetic resonance (NMR) imag- 
ing, which comprises the steps of: 

a) administering hyperpolarized noble gas to a human or 
animal subject; 

b) detecting a spatial distribution of said hyperpolarized 
noble gas in said subject by NMR; and 

c) generating a representation of said spatial distribution 
of said hyperpolarized noble gas. 

2. The method of claim 1, wherein said noble gas is 
selected from the group consisting of Helium-3, Neon-21, 
Krypton-83, Xenon-129, Xenon-131, and mixttires thereof. 

3. The method of claim 2, wherein said noble gas includes 
Xenon- 129. 

4. The method of claim 2, wherein said noble gas includes 
Helium-3. 

5. The method of claim 2 wherein said noble gas includes 
Xenon-129 and Helium-3. 

6. The method of claim 1, further comprising the step of 
hypcrpblarizing said noble gas prior to said administering 
step. 

7. The method of claim 6, wherein said hyperpolarizing 
step comprises hyperpolarizing said noble gas through spin 
exchange with an alkali metal. 

8. The method of claim 6, wherein said hyperpolarizing 
step comprises hyperpolarizing said noble gas through meta- 
stability exchange. 

9. The method of claim 7, wherein said alkali metal is 
selected tom the group consisting of Sodium-23, Potas- 
sium-39, Cesium-133, Rubidium-85, and Rubidium-87. 

10. The method of claim 9, wherein said alkali metal is 
selected from the group comprising Rubidium-85 and 
Rubidium-87. 

U. Hie method of claim 1, wherein said detecting step 
further comprises detecting said spatial distribution of said 
noble gas along at least one physical dimension. 

12. The method of claim 11, wherein said detecting step 
further comprises detecting said spatial distribution of said 
noble gas along two physical dimensions. 

13. The method of claim 11, wherein said detecting step 
further comprises detecting said spatial distribution of said 
noble gas along three physical dimensions. 

14. The method of claim 1, wherein said representation 
comprises a visual representadon. 
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15. The method of claim 1, wherein said detecting step 
precedes said generating step. 

16. The method of claim 1, wherein said detecting step 
and said generating step are substantially simultaneous. 

17. The method of claim 1, wherein said generating step 
includes generating said representation from NMR paramet- 
ric data. 

18. The method of claim 17, wherein said NMR para- 
metric data includes data computationally derived from at 
least one physically measurable NMR parameter selected 
from the group consisting of chemical shift, T, relaxation, 
Tj relaxation, and Tjp relaxation. 

19. The method of claim 1, wherein said noble gas is 
distributed in at least one physical phase in said subject. 

20. The method of claim 19, wherein said noble gas is 
distributed in a gas in said subject. 

21. The method of claim 19, wherein said noble gas is 
distributed in a liquid in said subject 

22. The method of claim 19, wherein said noble gas is 
distributed in a solid in said subject. 

23. The method of claim 22, wherein said noble gas is 
distributed on a solid surface in said subject. 

24. The method of claim 19, wherein said noble gas is 
distributed in at least two physical phases in said subject. 

25. The method of claim 1, wherein said noble gas is 
distributed in an organ or body system of said human or 
animal subject. 

26. The method of claim 25, wherein said noble gas is 
distributed in lung tissue of said human or animal subject. 

27. The method of claim 25, wherein said noble gas is 
distributed in nervous tissue of said human or animal 
subject 

28. The method of claim 27, wherein said noble gas is 
distributed in brain tissue of said human or animal subject. 

29. The method of claim 1, wherein said noble gas is 
distributed in an anatomical space of said human or animal 
subject 

30. The method of claim 29, wherein said anatomical 
space comprises lung space. 

31. The method of claim 29, wherein said anatomical 
space comprises gastrointestinal tract space. 

32. The method of claim 1, wherein said noble gas 
administering step comprises administering said noble gas in 
a gaseous form. 

33. The method of claim 32, wherein said noble gas 
administering step comprises administering said noble gas to 
said human or animal subject by passive or active inhalation. 

34. The method of claim 1, wherein said noble gas 
administering step comprises administering said noble gas to 
said human or animal subject included in a liquid compo- 
sition. 

35. The method of claim 34, wherein said noble gas 
administering step comprises administering said noble gas 
by parenteral injection. 

36. The method of claim 35, wherein said noble gas 
administering step comprises administering said noble gas 
by intravenous injection. 

• 37. The method of claim 36, wherein said noble gas 
adnunistering step further comprises introducing said noble 
gas into blood and intravenously injecting the noble gas- 
containing blood into said human or animal subject. 

38. The method of claim 1, wherein said representation 
represents at least one spatial dimension of said noble gas 
spatial distribution. 

39. The method of claim 38, wherein said representation 
represents two spatial dimensions of said noble gas spatial 
distribution. 
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40. The method of claim 38, wherein said representation 
represents three spatial dimension of said noble gas spatial 
distribution. 

41. The method of claim 38, wherein said representation 
further represents at least one spatial dimension of said 
noble gas spatial distribution as a function of time. 

42. A method of performing nuclear magnetic resonance 
(NMR) imaging of a human or animal subject, which 
comprises the steps of: 

a) administering to said subject an imageable amount of 
a hyperpolarized noble gas; 

b) generating radio frequency signals from the hyperpo- 
larized noble gas by means of a nuclear magnetic 
resonance imaging spectrometer; 

c) detecting radio-frequency signals derived from nuclear 
magnetic resonance of the hyperpolarized noble gas; 

d) processing said radio frequency signals to provide an 
NMR parameter data set as a function of spatial dis- 
tribution of the hyperpolarized noble gas; and 
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e) further processing the NMR parameter data set to 
derive a representation corresponding to at least one 
spatial dimension of the spatial distribution of the 
^ hyperpolarized noble gas. 

43. The method of claim 42, wherein said administering 
step further comprises administering a gas composition to 
said subject. 

44. The method of claim 43, wheidn said administering 
10 step further comprises passive or active inhalation of said 

gas composition by said subject 

45. The method of claim 43, wherein said administering 
step further comprises administering said noble gas, as at 
least one bolus. 

46. The method of claim 43, wherein said administering 
step further comprises administering said noble gas continu- 
ously during the generating and detecting steps. 

* ♦ * * * 



8/30/05. EAST Version: 2. 0. 1.-4 



i 

UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 5,545,396 Page 1 of 2 

DATED August 13, 1996 

INVENTOR(S) : Albert et al. 

It is certified that error appears in the above-lndentified patent and that said letters Patent is heret>y 
corrected as shown below: 



Column 3. Line 24. 



now reads "*^e but", should read -'^e, but-; 



Cohinui 7. Line 26. 



now reads "(References 5, 47-48).", should read 
-(References 45, 47-48).-; 



Column 9, Line 59. 



now reads "(e.g. 79S nm for Rb)", should read 
-(e.g. 795 nmforRb).-; 



Cohimn 10. Line 33. 



now reads should read -'%b-; 



Column IS. Line 12. 



now reads "The value of T,", should read 
-The value of Tj-; 



Column 16 Line SS 



Column 17. Line 30. 



now reads "estimate of T,«38 s", should read 
—estimate of T,«38 s— ; 

now reads '"H2O MRI For", should read 
-'HjOMRI. For-; 



8/30/05, EAST Versiori: 2. O.I. 4 



UNITED STATES PATENT AND TRADEMARK OFHCE 

CERTIFICATE OF CORRECTION 



PATENT NO. 

DATED 

INVENTOR(S) 



5,545,396 
August 13, 1996 
Albert et al. 



Page 2 of 2 



It is certified that error appears in the above-indentified patent and that said Letters Patent is heret>y 
corrected as shown t)elow: 



CQlunm22,Lme 10. 



Column 22, Line Ih 



now reads "may turn out that ^He which", should read 
-may turn out that ^e, wMch— ; 

now reads "phase T; values^ should read -phase T| values*- 
and 



Column 24 Line 25 -26 now reads "66 584 (1991)". should read -66, 584 (1991).- 



Attest: 



Attesting Officer 



Sigaed and Sealed this 
rwenty-fotirth Day of December, 1996 

BRUCE LEHMAN 
Commissioner of Patents and Trademarks 



8/30/05. EAST Version: 2.0.1.4 



UNITED STATES PATENT AND TRADEMARK OFHCE 

CERTIFICATE OF CORRECTION 



PATENT NO. : 5,545,396 
DATED August 13. 1996 

INVENT0R(S) : Albeit et al. 

It is certified that error appears in the above^ndentified patent and that said Letters Patent is hereby 
corrected as shown below: 



r'/>i,.mni lines 4-6 now icsds "This invention was made with government support under 
grant numbers 88^165 and F49620-92-J-021 1, awarded by the Air 
Force Office of Scientific Research.", but should read-This invention 
was made with government support under grant number MCB- 
9307654, awarded by the National Sdence Foundation, and grant 
numbers 88-0165 and F49620-92-J-021 1, awarded by the Air Force 
Office of Sdentific Research.-. 



This certificate supersedes Certificate of Correction Issued Dec. 24, 1996. 

Signed and Sealed this 
Eighteenth Day of February, 1997 



Atusv ^ 

BRUCE LEHMAN 

Attesting Officer Ccmmiuiomer cf Ftuemu m4 TndemarkM 



\ 



8/30/05, EAST Version: 2. 0. 1.-4 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defectum the images include but are not limited to the items checked: 

1^ BlACK BORDERS 




IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FAp^fD TEXT OR DRAWING 
Q^mURRED OR ILLEGIBLE TEXT OR DRAWING 
P SK^ED/SLANTED IMAGES 

[JKCOLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ vLlNES OR MARKS ON ORIGINAL DOCUMENT 

Q RErERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



